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Abstract 
In the framework of EC funded THINS, LEADER and MAXSIMA projects the water/LBE 
interaction was investigated experimentally and numerically, aiming to improve the 
knowledge of the physical behaviour and the understanding of the postulated SGTR event, 
in relevant configurations for HLMFRs. 
Two experimental campaigns were carried out in the separate effect LIFUS5/Mod2 facility 
at ENEA CR Brasimone. Ten tests THINS were performed aiming to characterize the 
water/LBE interaction injecting water at 16 and 40 bar into a pool of 100 L partially filled 
by LBE at 400°C. The experiments showed low pressure peaks at the injection instant and 
final pressurizations comparable to that of injection. The vapour cloud into the melt was 
mapped according to the temperature field by thermocouples. Seven tests LEADER 
studied the water injection (180 bar) in the centre of a tube bundle of 188 tubes, immersed 
in LBE at 400°C, for studying the effect of the SGTR event in the spiral tube steam 
generator of ELFR. The domino effect on the surrounding tubes did not occur. 
High quality data were acquired during both THINS and LEADER campaign for code 
validation and database enlargement. 
A post-test analysis of the overall THINS campaign was performed by the SIMMER-III 
code, highlighting the importance of the two-phase flow in the injection line, the code 
capabilities of simulating the pressurization transient, final plateaux in the reaction vessel, 
injected water mass flow rate and code limitations. 
The first test of the LEADER was numerically investigated by SIMMER-III code on the 
base of the initial condition provided by the RELAP5-3.3 calculations. It showed the 
importance of the phenomenology occurring in the injection line and the prediction of the 
first pressure peak in agreement with the experimental data, besides the pressurization 
transient and injected water. 
The design of a test section to be implemented in CIRCE facility at CR Brasimone, 
simulating a full scale portion of the primary heat exchanger of MYRRHA reactor, was 
carried out for analysing the postulated SGTR scenario. Four tests were scheduled to be 
performed, studying two different positions of tube rupture. A preliminary pre-test 
analysis, of the SGTR event in CIRCE facility, was carried out by SIMMER-III code on 
the base of a simplified test section configuration. It provided useful data (e.g. number and 
size of rupture disks, grace period without safety system activation, cover gas volume) for 
the execution of the final design of the test section. The design was completed and on its 
final configuration the pre-test analysis was performed by a complex model realized 
adopting the 3D SIMMER-IV code. Both the SGTR scenarios were simulated, guarantying 
safe execution of the experimental tests. The test section construction was completed and 
the execution of the experimental run will be accordingly the time schedule. 
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1 
 
1 Introduction 
The new generation Heavy Liquid Metal Fast Reactors (HLMFRs) and Accelerator Driven 
Systems (ADSs) are generally designed as pool type reactors, implementing Steam 
Generators (SGs) or Primary Heat eXchangers (PHXs) in the primary pool, in which also 
the core, primary pumps and main components are placed [1][2]. This design feature 
allows the reactor performance to be increased and the whole layout to be simplified, 
making unnecessary an intermediate circuit. In such a configuration the secondary coolant 
(water), flowing inside the tube of the heat exchanger tube bundle, at high pressure and 
sub-cooled or saturated conditions, could come in contact with the primary heavy liquid 
metal coolant, at a higher temperature and lower pressure, as a consequence of the Steam 
Generator Tube Rupture (SGTR) event. Such event cannot be considered a zero-
probability event, not even by adopting a double-wall-tube interposed between these two 
coolants [3]. This postulated interaction scenario is called Coolant Coolant Interaction 
(CCI). 
During the SGTR event water enters the liquid metal pool in which it rapidly evaporates. 
The consequent sudden increase of the water specific volume entails pressure waves 
propagation and cover gas pressurization, which could affect the structural integrity of the 
surrounding structures or, in the worst case scenario, even damage the reactor core and/or 
vessel. Moreover, the rupture of a single SG tube could affect, in principle, the integrity of 
neighbouring tubes (domino effect), making the consequences of the accidental scenario 
worse. The SG-shell constitutes an obstacle to the pressure waves propagation into the 
heavy liquid metal, its dumping effect needs to be studied and calibrated in concert with 
the implemented safe-guard devices. Most of these are rupture disks and/or fast valves set 
on the dome of the reactor, flow limiters on the feed-water (Venturi nozzle) and SGTR 
detectors (as leakage detectors, acoustic devices). The steam released and trapped into the 
main liquid metal flow path could be dragged towards the core region, where the void 
fraction increase could cause a positive insertion of reactivity related to the local positive 
value of the reactivity void coefficient. The injection of water into the primary system 
entails the addition of a certain amount of oxygen into the pool, becoming the responsible 
of pollution generation and thus primary system slug formation. 
The postulated SGTR event, therefore, is considered as a safety issue in the design and in 
the safety analysis of HLMFRs. This requires the availability of qualified experimental 
data, having two main purpose: a) direct extrapolation to full scale nuclear plant 
conditions, if the facility geometry, configuration and the experimental initial and 
boundary conditions are properly scaled and representative of the reactor prototype; and b) 
supporting the development and demonstrating the reliability of computer codes in 
simulating multi-fluid multi-phase problems by means of high-quality measurement data. 
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The research activity carried out is aimed to investigate postulated SGTR scenarios, 
relevant for HLMFRs cooled by Lead Bismuth Eutectic alloy (LBE) and pure lead, from 
experimental and numerical point of view. It was performed in the framework of the task 
4.1.2 and 4.2.2 of Thermal-Hydraulic of Innovative Nuclear System (THINS) project [4], 
task 6.4 of Lead-cooled European Advanced DEmonstration Reactor (LEADER) project 
[5] and task 4.1 of Methodology, Analysis and eXperiments for the “Safety In MYRRHA 
Assessment” (MAXSIMA) project [6], belonging to the EC FP7. 
In the domain of THINS and LEADER EU-Projects two experimental campaigns were 
carried out at the CR ENEA Brasimone in LIFUS5/Mod2 facility. It is a small separate 
effect facility, in which subcooled water at different temperature and pressure values was 
injected from a water tank into the reaction tank (0.1 m
3
 and design pressure of about 200 
bar), partially filled by high temperature LBE (400°C) and having an inert cover gas of 
argon at low pressure (about 2 bar). It was re- and built on the basis of the operating 
experience on LIFUS5 [7]-[9]. 
THINS experiments were performed adopting the reaction tank closed by means of the top 
flange, avoiding any discharge. The entire amount of injected water had only the cover gas 
of reaction tank as expansion volume, entailing a fast pressure increase in the reaction 
tank. For this reason the tests were conducted injecting water at relatively low pressure 
values: 4+2 tests at 40 bar and 4 tests at 16 bar. They aimed to investigate the SGTR basic 
phenomena eventually occurring in HLMFRs. A light frame connected to the top flange 
supported about 70 thermocouples, aiming to characterize the shape of the evaporating and 
expanding injected water. The pressure and strains were measured at the reaction tank 
main vessel, and the injected water mass flow rate was acquired. The post-test analysis of 
the whole 40 and 16 bar tests was performed by the SIMMER-III code, highlighting the 
capabilities and limitation of such a code. 
The LEADER experimental campaign was oriented to investigate the postulated SGTR 
event occurring in a relevant configuration for the spiral-tube SG of the ELFR [10]. The 
facility implemented the top flange of the reaction vessel connected by a 3" line to a 2 m
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dump tank, due to the high pressure (180 bar) of the injected water. This flange supported 
the test section composed by a vertical tube bundle of almost 200 tubes (resembling the 
spiral tubes of the SG), immersed in the reaction tank partially filled by LBE. The water 
was injected through the central tube of the bundle, well below the LBE level. This 
configuration allowed the analysis of the SGTR effects on the surrounding tubes. 
Temperature, pressure, water mass flow rate and strain time trends were acquired by means 
of suitable instrumentation. The water injection line, in which two-phase flow occurred, 
was simulated by RELAP5 code aiming to provide the boundary conditions, at the water 
injection instant, to the SIMMER code able to predict the water-LBE interaction. 
The main objectives of the experimental campaigns were: 
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 the generation of experimental data for the development and validation of CFD models 
and scope codes to support the design of innovative HLMFRs; 
 the characterization of the initial propagation of the pressure wave following two-
phase flashing and expansion; 
 the improvement of the knowledge of SGTR physical behaviour and of understanding 
of the phenomenon; 
 the investigation of dynamic effects of energy release on the structures and the 
enlargement of the database for code validation. 
In the domain of MAXSIMA project, a large scale test section, foreseen to be implemented 
in the CIRCE facility at CR ENEA Brasimone, was designed aiming to study the SGTR 
event in a relevant configuration for MYRRHA reactor [11][12]. The test section hosts 
four tube bundles, each one of which constitutes a full scale portion of MYRRHA PHX. In 
the central tube of each bundle (composed by four ranks of tubes) water flows upwards and 
shell side, in counter-current, LBE flows. Four tests are foreseen to be carried out, one at a 
time, causing the water tube rupture by a hydraulic system. The scheduled experimental 
campaign aims mainly to investigate the pressurization transient of the CIRCE vessel, the 
effectiveness of safety systems as rupture disks, the integrity of the tubes surrounding the 
broken one and their deformation, the vapour flow path in the bundles, the pressure waves 
propagation and the damping effect of the installed structures, the LBE pollution and 
possible consequent plug formation. The implemented instrumentation aims also to 
provide high quality pressure, temperature, level, water and LBE mass flow rate and strain 
data to support code development and validation. 
Preliminary and detailed pre-test activity was performed by SIMMER-III and -IV 
respectively. The assembling phase of the test section was completed at the time of issue 
this PhD thesis work and the experimental campaign will be performed in the following 
few months. 
The post-test analysis (THINS and LEADER) was performed by the axisymmetric 
SIMMER-III code [13]-[18]. It is up to eight velocity field, multi-component, multiphase, 
Eulerian fluid-dynamics code coupled with a space and energy dependent neutron kinetics 
model. The code was originally developed to deal with Core Disruptive Analysis (CDA) in 
Liquid Metal Fast Reactors (LMFRs) and, over the years, its range of applications was 
extended including issues related to advanced fast reactors, steam explosion and fuel 
coolant interaction phenomena. The capability of the SIMMER-III code to reproduce the 
phenomenology of the LBE-water interaction was studied and highlighted by previous 
activities performed at ENEA-Brasimone in collaboration with University of Pisa [7][9]. 
Pre-test activity (MAXSIMA) was carried out also by SIMMER-IV, the 3D (Cartesian) 
version of SIMMER code, implementing the same models of the axisymmetric one. 
The present research work aims to provide an original contribution to the knowledge of the 
SGTR event occurring in HLMFRs. Such a contribution is based on the performed 
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experimental campaigns (THINS and LEADER), design and construction of MAXSIMA 
test section and the numerical analysis carried out by SIMMER-III and -IV (also by 
RELAP5) for the mentioned projects. 
The present document is composed by three main parts, besides the introductory remarks 
and conclusions. A bibliography analysis of coolant-coolant interaction relevant for 
HLMFRs, with a special attention to the boundary conditions involving steam explosion is 
described in Section 2. The experimental and numerical analyses carried out in the 
framework of THINS and LEADER projects are shown in Section 3. The test section 
design and pre-test analysis carried out in the domain of MAXSIMA project are described 
in Section 4. 
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2 Heavy Liquid Metal-Water Interaction Phenomena 
In the nuclear research scenario the liquid metal-coolant interaction phenomenon 
constitutes one of the major cross-cutting safety issues involving both the presently 
operating Light Water Reactors (LWRs) and the new generation LMFRs. Such an 
interaction event assumes two main configurations, on the base of the nuclear system in 
which occur. The former, regarding LWRs and SFRs, is referred to as Fuel Coolant 
Interaction (FCI) and takes place during a sever accident involving partial core melting 
entering in contact with the surrounding coolant. The latter is named Coolant Coolant 
Interaction (CCI) and occurs when primary and secondary coolant of HLMFRs interact. In 
both the accidental scenarios the energy transferred from the hot liquid to the colder more 
volatile one produces an amount of pressurized vapour that could be released in an extreme 
low time scale, presenting an explosion nature. This phenomenon is referred to as thermal, 
vapour or steam explosion. 
The two mentioned events have different likelihood of occurrence and energetic content 
[1]. Many experimental and analytical studies were conducted over the past fifty years, 
aiming to clarify the physical nature of the vapour explosion. Qualitatively, the 
mechanisms at the basis of the sudden energy release are: premixing, triggering, 
propagation and expansion [2][8]. 
The typical configuration of FCI scenario (in premixing phase) is constituted by drops of 
high temperature corium (2500-3000 K) enveloped in a vapour film and dispersed in water 
(see Figure 2.1). The heat transfer occurs in film boiling regime till a triggering event 
perturbs the vapour entailing the liquid-liquid direct contact that produce fast vaporization 
and pressure wave propagation, increasing the vapour instability and consequently the 
direct contact interracial area. They are assumed as the triggering and propagation phase of 
the stem explosion. 
 
Figure 2.1: Steam explosion propagation in FCI scenario (from [1]) 
The CCI has an inverse configuration in comparison to FCI, because liquid water drops, 
enclosed in a vapour layer, are dispersed in the hotter liquid phase (see Figure 2.2). Also in 
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CCI conditions an energetic steam explosion could take place, as consequence of the direct 
contact of the two liquid phases. The magnitude of the interfacial area is directly correlated 
to the energy release during the interaction. 
 
Figure 2.2: Steam explosion propagation in CCI scenario (inverse configuration in 
comparison to FCI) (from [1]) 
A comparison of FCI and CCI scenarios was discussed by Dinh [1]. The estimation of the 
energetic potential of a postulated CCI in a HLMFR SGTR event was shown to be two 
orders of magnitude less than FCI in a LWR accident. Moreover, the energy available for 
steam explosion in CCI diminishes rapidly within a minute. 
Ding [1] expects a more stable film boiling in CCI than in FCI scenario, because in the 
first case a small (< 1mm) liquid droplet is in a large (1-5 mm) bubble entailing a thicker 
and more stable vapour layer. Furthermore, the external hot liquid metal wall of the vapour 
bubble in CCI event promotes evaporation and the one order higher surface tension and 
density (in comparison to water) suppress the development of short-wave length 
instability. They act preventing the drop penetration trough the bubble into the liquid 
metal. 
Another significant peculiarity of CCI is constituted by depressurization wave propagated 
in the SG tube upstream the SGTR position after the rupture time, causing the violent 
water flashing and consequent two-phase flow discharge in liquid metal. Beznosov et al. 
[9] experimentally investigated the two-phase flow distribution injected into molten lead, 
highlighting a disperse phase of small-diameter (one to several mm) steam bubbles which 
may contain fine evaporating droplets (tens of microns to 1 mm in diameter). The liquid 
drops were found to exist for long time, and eventually liquid fraction was ejected into the 
cover gas region. The system is in thermal non-equilibrium, containing superheated steam 
and liquid droplet. 
2.1 Coolant Coolant Interaction (CCI) 
The possibility of violent energy release as consequence of the SGTR event, in the pool 
type HLMFRs, constitutes one of the major safety concerns faced in the preliminary design 
and safety analysis of such a GEN-IV type reactor. The primary-secondary coolant 
interaction could yield a sudden energy transfer, having a timescale of the order of 
milliseconds, providing rapid water vaporization and pressure waves formation. 
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Moreover, it is generally accepted that the spontaneous vapour explosion occurs as the 
vapour film between the hot and cold liquids naturally collapses, as better explained in the 
following. 
Board et al. [10] conducted three series of experiments, involving vapour explosion 
between molten tin droplet and water pool, aiming to investigate the fragmentation phase 
(premixing) of the phenomenon. In the first tests, few grams of tin were dropped from 2 to 
5 cm above an open tank of water about 30 cm deep. It was observed that explosion 
occurred only for tin temperature above 400°C and water temperature below 60°C. The 
interaction was filmed at 8000 fps (frame per second). Figure 2.3 shows a typical sudden 
explosion for 800°C tin poured into water at 20°C. 
The second series of tests investigated the triggering phase. A molten tin drop was 
maintained in stable film-boiling immersed in water (40°C and 0.1 bar, thus over the 
subcooling threshold) on a crucible, as shown in Figure 2.4. Increasing suddenly the 
pressure (thus the water subcooling) at 1 bara, multiple explosions were observed during 
the pressure rise time,  ̴20 ms. 
The third series of tests was carried out disturbing the stable situation of the tin drop on the 
crucible under water, at 80°C (above subcooling threshold), by an impulse (light hammer 
blow) that triggered multiple thermal interaction in the molten tin drop (see Figure 2.5). 
 
 
Figure 2.3: Typical vapour explosion and pressure time trends (from [10]) 
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Figure 2.4: Stationary tin drop under the effect of a sudden pressure increase (from [10]) 
 
Figure 2.5: Impulse-initiated molten tin-water vapour explosion (from [10]) 
The authors underlined that the observed explosions involved several distinct interactions 
in the same mass of material. Moreover, each interaction was observed to produce a bubble 
containing some vapour that collapsing initiates the next interaction. Therefore, a small 
interaction may escalate in large explosion under particular conditions. The authors 
postulated, on the basis of the cited work and literature review, that the collapse of the 
vapour film at the interface is the main cause of the vapour explosion occurrence. The 
instability of the vapour film boiling is connected to perturbations greater than certain size, 
assuming the role of triggers. They are assumed to be the transition boiling or liquid 
entrapment. 
Dullforce et al. [11] performed more than 300 small-scale experiments pouring 12 g of 
molten tin 30 mm above a boiled distilled water tank 170 mm deep and 150 mm square. 
Some interactions were filmed at 5000 fps. The violence of each interaction was quantified 
measuring the ratio between the mass of comminuted tin (participating to the vapour 
explosion) and the initial one. The main parameters varied by the authors were the tin (Tf) 
and water (Tc) temperatures. It allowed the definition of the Temperature Interaction Zone 
(TIZ), on the diagram Tf-Tc, as shown in Figure 2.6, in which the violent interactions 
spontaneously occurred are highlighted by circles and the outside region where explosions 
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did not occur without external triggering are marked by crosses. The authors also measured 
the lapse of time between the tin entering the water and the interaction start. 
The authors concluded that interactions were observed generally during the tin cooling and 
before the reaching of the water tank bottom. However, on few occasions, interactions 
occurred a few seconds after tin drop reached the container base. 
 
 
Figure 2.6: Temperature interaction zone (TIZ), ○ indicates violent interaction  
and x indicates no interaction (from [11]) 
Patel et al. [12] studied the fragmentation characteristics of falling mercury drop into water 
tank, see Figure 2.7, under the effect of a perturbation caused by a hydrodynamic shock. 
The tests were photographed at rates up to 6500 fps. The authors varied the drop diameter 
(2-6 mm) and the shock pressure ratio (60-340, being the pressure water 1 bar). They 
concluded that the pressure pulse trigger requirements for the detonation model (DM) are 
drastically reduced compared with the original estimate by Board et al. [13]. 
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Figure 2.7: Mercury drop response to the shock-induced flow in water. The shock impacts 
the drop between frame 1 and 2, Δt1-2 = 0.22 ms (from [12]) 
 
Shoji and Takagi [14] carried out a series of small-scale vapour explosions in a system 
with dropping molten tin into water tank. Initial tin and water temperature, ambient 
pressure and tin drop size varied over a wide range. 
The tin droplet entered the water and started its cooling due to boiling heat transfer. During 
the cooling process, vapour explosion suddenly occurs. Consequently, the molten tin is 
immediately fragmented and solidified to porous and/or fine-powder. Figure 2.8 shows 
selected frames illustrating the interaction evolution of molten tin at 700°C into water at 
25°C. For this test, the measured pressure showed several peaks, suggesting that vapour 
explosion occurs and propagates inducing chain interaction, the higher of which was 
almost 1.5 bar above the initial undisturbed value. 
It was found that a delay between tin-water first contact and explosion increases with both 
water and tin temperatures. 
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Figure 2.8: Typical vapour explosion of tin at 700°C dropped 
 into water at 25°C (from [14]) 
Aiming to depict the effect of tin and water temperatures and the probabilistic nature of the 
thermal interaction occurrence and intensity, Figure 2.9 shows by circles the relative 
magnitude of the probability, on the left, and of the intensity, on the right, of the vapour 
explosions, respectively. The rational numbers on the left of Figure 2.9 indicates the ratio 
between the number of explosions occurred and the total tests performed in such 
conditions. Instead, the values associated to the circles on the right of Figure 2.9 represent 
the actual values of the maximum explosion pressure measured under each experimental 
condition. 
 
 
Figure 2.9: Probability (left) and intensity (right) of the vapour explosion in the water (Tl) 
and tin (Ti) temperature plane (from [14]) 
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The authors concluded that the explosion is closely related to the transient boiling 
phenomenon, especially to the collapse of a stable vapour film around the molten metal. 
The same authors [15], aiming to clarify the details of the trigger mechanism, performed a 
series of small-scale vapour explosions in a system in which water flowed over a molten 
tin surface. Four characteristic tin temperatures were distinguished. They are shown in 
Figure 2.10 one by one, but usually they belong to the same cooling trend. The initial tin 
temperature is shown by Ti. The vapour explosion occurrence, see Figure 2.10(c), spread 
the liquid tin in the space around, solidifying in fragments and the thermocouple suddenly 
measured the water temperature. Figure 2.10(a), (b) and (d) highlight the splashing (TS), 
quenching (TQ) and swelling temperature (TR) trends, respectively. 
 
Figure 2.10: Cooling curves and characteristic temperatures (from [15]) 
The vapour explosion appeared to occur only when the tin temperature is in a range, the 
upper and lower boundary temperature of which are the quench temperature and a 
temperature that seems to be related to the spontaneous nucleation temperature of water 
(Fauske [16]), respectively. 
Takashima and Iida [17] studied, by high speed photography and pressure measurement, 
spontaneous vapour explosions of single tin drop poured into water, contained in: 1) a 
large vessel and 2) a two-dimensional channel with a narrow space. The former series of 
tests showed drops having shape like an inverted umbrella. The collapse of the vapour film 
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started from the edge of the drop and spread over the rest of the drop, as indicated in 
Figure 2.11. 
 
Figure 2.11: Spontaneous vapour explosion of a single tin drop (652°C)  
in water (29°C) (from [17]) 
The distance between the pressure transducer and the position in which the vapour 
explosion occurs considerably affects the magnitude of the measured data, as plotted in 
Figure 2.12. The authors chose the distance of 30 mm, aiming to avoid the contact between 
the cloud of the fragmented tin drop and the instrument. They set the tin and water 
temperature intervals equal to 570-660°C and 20-40°C, respectively, on the basis of other 
studies [11][12]. 
 
Figure 2.12: Maximum measured pressures as a function of the distance  
from vapour explosion position to pressure transducer (from [17]) 
In the two-dimensional channel tests, the collapse of the vapour film occurs at the 
stagnation point of the tin melt and several occurrences of fragmentation are noted. The 
fragmented particles are distributed near the periphery of the vapour bubble during its 
growing phase (see Figure 2.13). 
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Figure 2.13: Spontaneous vapour explosion of a single tin drop (570°C) in water (28°C)  
in two-dimensional channel (from [17]) 
The authors developed a model of the spontaneous vapour explosion for single drop. The 
size of the vapour bubble is assumed dependent on the heat transfer and the vapour bubble 
collapse is considered to be induced by overexpansion and condensation. 
Matsumura and Nariai [3] investigated experimentally and analytically the self-triggering 
mechanism of vapour explosion of tin drop poured into water pool. The tin and water 
temperatures were varied aiming to define the thermal interaction zone (TIZ), see Figure 
2.14, in which TINT and THN are the interface between hot and cold liquid and 
homogeneous nucleation temperatures, computed by equations (2.1) and (2.2), 
respectively. 
where TH, TC, TCRIT and TSAT are the hot (liquid metal), cold, critical and saturated (water) 
temperature and ρ, cp, λ are the density, specific heat capacity at constant pressure and 
thermal conductivity, respectively, of cold (C) and hot (H) liquids. 
Figure 2.14 shows as the lowest initial tin temperature, at which the vapour explosion 
occurs, defines a TINT close to THN. The upper limit of the cold liquid is about 70°C and 
corresponds to the stability threshold of the vapour film. 
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Figure 2.14: TIZ, explosion depth and lower and upper boundaries  
for a dropping distance of 1 cm (from [3]) 
The occurrence and location of the explosions were monitored by a video camera, as 
shown in Figure 2.15. 
The author concluded that the stability threshold of the vapour film depends on the 
condensation heat transfer coefficient. When the tin is dropped from high location (200 
mm) and the immersed droplet entrains air, the heat transfer coefficient decreases, reducing 
the TIZ. The vapour explosion still may occur and the triggering is caused by the rapid 
growth of the interfacial disturbance after entrained air detaches from the tin droplet. 
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Figure 2.15: Vapour explosion of tin drop (720°C) poured  
from 1 cm above the water (30°C) (from [3]) 
Kondo et al. [18] studied the thermodynamic aspects of molten Wood’s metal (Bi 60%, Sn 
20% and In 20%, having melting point of 78.8°C and density of 8400 kg/m³) jet 
penetration into water. The injection nozzle was immersed a few centimetres below the 
water free level, aiming to eliminate unfavourable effects of the pool surface. The tests 
were performed at atmospheric pressure and filmed by video camera (~3000 fps) and X-
ray cinematography (1000 fps). The jet and water temperatures were varied to obtain 
various interaction modes in the experiments (see Figure 2.16), as reported in the 
following. 
 Mode A occurs at high water temperature and low jet temperature. The jet is intact 
with continuous water boiling during the water penetration. Figures 2.16 and 2.17 
show that the evaporation is quiet at the inlet and the jet breaks up at the maximum 
penetration length. 
 Mode B occurs at high water and jet temperatures. A series of pressure pulse (see 
Figure 2.17) disperse the jet material (see Figure 2.16). The pulses originate 
between the inlet and at tens of centimetres into water and the jet can penetrate the 
water between pressure pulses. The authors highlight that mode B exhibits typical 
FCI behaviour, that is quiet film boiling periods punctuated by coherent 
breakdown of the coolant and violent pressure event (see Figures 2.16 and 2.17). 
 Mode C was observed with high water and much higher jet temperatures. Stable 
penetration of the intact jet and no marked pressure events were observed (see 
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Figures 2.16 and 2.17). At this high jet temperature, the high rate of vapour 
generation prevents the collapse of the vapour film and the interfacial temperature, 
see equation (2.1), is estimated to overcome the critical temperature of the water 
and hence the vapour near the jet behaves essentially as a non-condensable gas. 
 Mode D occurs at low water temperature. In this condition the vapour film cannot 
exist stably. Small-scale interactions take place continuously at the water surface 
and the jet does not penetrate the water. Small mass of jet participate to the 
reaction that cannot be energetic. Figure 2.17 shows violent pressure peaks, but 
they are generated by events at the water surface. 
 
Figure 2.16: Four modes of Wood’s jet–water interaction observed (from [18]) 
The authors concluded that energetic jet-water interactions are only possible under 
relatively narrow initial thermal conditions and the molten mass participating to the 
interaction is limited to the mass of the jet up to its maximum penetration length. 
 
Figure 2.17: Pressure time trends measured in the four interaction modes (from [18]) 
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Matsumura and Nariai [4] studied analytically the self-triggering mechanism and the 
occurrence conditions of spontaneous vapour explosions. They modelled a hot liquid 
droplet poured into a water pool and investigated analytically the stability of perturbed 
vapour film. Their model took into account the effects of thermal radiation. 
The authors concluded that the stability of the vapour film is affected by the condensation 
heat transfer coefficient and the thermal emissivity. As HTC of condensation increases, the 
stable region decreases. Instead, the stable region becomes larger with emissivity 
increasing. The developed model was able to explain the occurrence conditions of vapour-
explosions in large-scale tests. The authors considered that spontaneous vapour explosions 
are difficult to occur in UO2-water systems due to the high emissivity. 
Matsumura et al. [5] investigated the triggering mechanism of the vapour explosion at the 
bottom of the water pool (base-triggered explosion) in which a molten tin drop was poured. 
The adopted apparatus and two flat plate configurations are shown on the left and right of 
Figure 2.18, respectively. The small beaker (right on Figure 2.18) was used aiming to 
investigate the effect of near side walls. 
Figure 2.19 shows the experimental results obtained positioning the flat plate 100 mm 
below the water free level (left), with the beaker (centre) and the beaker with a bed of 
small tin particles having diameter of 2 mm (right). 
 
Figure 2.18: Sketch of the experimental apparatus and the base geometry (from [5]) 
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Figure 2.19: Thermal Interaction Zone (TIZ) for base-triggered explosions with no side-
wall (left), with side-wall (centre) and with small tin particles (right) (from [5]) 
The authors concluded that the base-triggered explosions occurred at water temperature 
higher than the un-triggered explosion, near to the saturation value. The base-triggered 
explosion was observed as either instantaneous (just after the tin drop touched the bottom 
flat plate) or delayed. Without side-walls on the bottom surface the explosions did not 
occur readily. Narrow side-walls instead yielded explosions readily occurring. Base-
triggered explosions occurred more readily increasing the roughness of the base of the 
beaker by tin spheres of 2 mm. 
Loewen et al. [6] accomplished dynamic visualizations of molten lead jet (300-700°C) 
poured into a water pool (20-90°C). The imaging system was composed of visible-light 
high-speed digital video, low-energy X-ray digital imaging and high-energy x-ray digital 
imaging subsystems. The test provided data concerning the melt jet velocity, melt jet 
configuration, melt volume fractions, void fractions and spatial and temporal quantification 
of premixing length scales. A thermal interaction zone map, divided in three regions, was 
presented (see Figure 2.20). 
Region I is characterized by lead and water temperatures providing interface temperature, 
equation (2.1), lower than homogeneous nucleation temperature (~310°C). Region II is 
considered a necessary condition for a spontaneously triggered FCI. Region III has an 
interface temperature above the minimum film boiling temperature, TMFB in equation (2.3) 
from [19], which potentially suppresses spontaneous interactions: 
 
MFB SAT SUBT -T =101+8ΔT  (2.3) 
in which ΔTSUB is the difference between the saturation and the pool or free stream 
temperature. 
Direct observation of the boiling conditions occurring at the lead-water interface region 
was carried out distinguishing three phases for the first time, see Figure 2.21. In this figure 
it is shown that the interface regions between lead and water grows with coolant sub-
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cooling decrease. The authors concluded that the obtained TIZ confirmed that obtained 
previously by other researchers. 
 
Figure 2.20: Thermal interaction zone (TIZ) of lead-water system (from [6]) 
 
Figure 2.21: Maps of void, interfacial region and lead,  
showing FCI (left) and no FCI (right) (from [6]) 
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Abe et al. [20] experimentally investigated the fragmentation and boiling phenomena of a 
core disruptive accident (CDA) injecting molten materials (U-alloy124, 95 and 78, the 
numbers indicate the melting point of each alloy) in water pool. The breakup of the molten 
material into fine fragments was observed at the front, side and middle part of the jet 
during very short time interval, by high-speed video camera (10000 fps) (see Figure 2.22). 
The visualized data were analysed with Particle Imaging Velocimetry (PIV), as shown in 
Figure 2.23. The fragmented droplet diameter yielded by the molten material-water 
interaction was found to be close to the value of Kelvin-Helmholtz instability. 
 
Figure 2.22: Breakup behaviour of the jet at front, side and middle position (from [20]) 
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Figure 2.23: Particle Imaging Velocimetry (PIV) analysis results (from [20]) 
Park et al [21] studied the fine fragmentation during vapour explosion of a tin drop of 0.7 g 
at 1000°C poured into a water pool at 20-90°C by continuous high-speed X-ray 
radiography and photography (8000 fps). The adoption of this instrumentation aimed to 
overcome the difficult observation of the fine fragmentation of the melt drop due to the 
surrounding vapour layer. As shown in Figure 2.24 the performed tests were mainly within 
the thermal interaction zone [11]. Thus, spontaneous vapour explosion could occur at any 
time. Nevertheless, the explosion was triggered by an external shock pulse of about 1 MPa 
to provide consistent triggering conditions and to ensure a specific location of vapour 
explosions for high-speed visualization. 
 
Figure 2.24: Experimental conditions in the thermal interaction zone (TIZ) (from [21]) 
TIZ [Ref. 15]19
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The high-speed X-ray images revealed the internal dynamics structures of the molten drop 
during the thermal interaction. Figure 2.25 shows that the small-scale stratified explosion 
initiated at the circumference or lower hemispherical region of an ellipsoidal or spherical 
droplet and propagated along the melt surface. Approximately, the 20% of the total molten 
mass was fragmented. A shell of fragmented melt particles was identified at the boundary. 
Figure 2.25 shows by arrows the bottom edge of the droplet in which the vapour explosion 
initiated. The authors agreed with the well-known fact that the explosion initiation was the 
result of a direct contact of water and molten drop, due to the vapour layer collapse. 
 
 
Figure 2.25: Images by photographs (a) and X-ray radiographs (b) and (c) of vapour 
explosion of 0.7 g tin drops at 1000°C in water at 32, 22 and 21°C,  
respectively (from [21]) 
Matsuo et al. [22] studied the cooling possibility of the molten jet in coolant during a CDA 
of a FBR. The U-alloy78 at 270°C poured into water pool at 60-70°C simulated the core 
materials and coolant, respectively (see Figure 2.26). The interaction was monitored by 
high-speed video camera, as shown in Figure 2.27. The front velocity of the jet was 
divided in three time intervals. In the first interval the front velocity increased, in the 
second decreased and in third kept at low and steady. The jet column disappeared as soon 
as the jet front velocity decreased. The jet breakup length depends on the injection nozzle 
diameter and did not depend on the jet velocity. The averaged diameters of the solidified 
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fragments were near the critical Weber number [22] theory and the most-unstable 
wavelength. 
 
 
Figure 2.26: Sketch of the experimental apparatus (from [22]) 
 
Figure 2.27: Typical fragmentation behaviour of molten jet in water (from [22]) 
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Perets et al. [7] investigated experimentally the penetration of a cold water jet (10-100°C) 
into a crucible of stainless steel (80 mm diameter and 72 mm depth) containing 1 kg of 
molten tin at 230-700°C. The authors deemed that this kind of interaction, though not less 
important than the opposite case (hot liquid metal poured into a cold water tank), had not 
received proper attention. Water was injected by through a fine tubule of 0.7 mm in 
diameter and 70 mm length, positioned 300 mm above the metal free surface. A high speed 
camera (up to 8000 fps) recorded the interaction. The experimental campaign was 
composed by two phases. 
The former aimed to study the effect of the water mass flow rate on the likelihood of the 
vapour explosion occurrence. Water at about 22°C was injected at different jet velocities 
(7.9 to 15.75 m/s) and it was noted that vapour explosion did not occur below 11.3 m/s, 
because under this threshold no penetration of the water was observed in the liquid tin. 
Higher velocity instead allowed the liquid water penetration into liquid metal, generating a 
tin hole having a cylindrical shape that enabled the mixing process and the consequent 
vapour explosion. 
 
Figure 2.28: TIZ of water injected in molten tin (from [7]) 
The latter was oriented to define the TIZ, assuming 12.9 m/s as water velocity to ensure jet 
penetration. The obtained map is shown in Figure 2.28. The boundaries were insensitive to 
the amount of water injected, hence the injection time was set to the maximum 15 s. The 
positive events (circles in Figure 2.28) were characterized by tin spilled outside the 
crucible with an explosive sound. The tin melting point (231.9°C) was the left boundary, 
the water saturation temperature (100°C) defined the top horizontal line and the bottom 
limit was deemed the freezing water temperature. The right boundary defines a more stable 
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interaction increasing the tin temperature with water constant temperature. It is due to the 
vapour layer stability that increases with a larger amount of vapour production. The right 
boundary was defined on the base of 50 < TC < 80°C. Lower water temperatures were 
avoided to reduce the tin surface oxidation. 
The authors observed that the temperature measured by thermocouples inside the tin at the 
instant of the vapour explosion occurrence was equal to the quenching temperature. It 
supported the assumption that the collapse of the vapour film around the hot liquid 
constitutes the trigger mechanism. 
The delay occurrence of the vapour explosion (lapse of time between the impinging and 
explosion) was correlated to the hot and cold liquid temperatures. The TH increase entailed 
an exponential growth of the delay, at TC of 22°C. It was analogous to the Dullforce et al. 
[11] dwell time. 
Abdulla et al. [23] studied the map of the operating range of liquid-metal/water direct 
contact heat exchanger. They injected water subcooled by about 10°C through an orifice of 
2 mm into a bottom of a tank (1840 mm height, 457.5 mm width and 100 mm depth) 
partially filled with lead (700 mm height) or lead alloys at about 500°C (see Figure 2.29). 
 
Figure 2.29: Schematic of the reaction tank with four X-ray imaging zones (from [23]). 
The pressure of the system ranges from 1 to 10 bar. Four water injection rates were set, 
1.5, 3, 5 and 8 g/s. It aimed to provide measurement of integral thermal performance 
(volumetric heat transfer coefficient) and local HTC in bubbly flow regime with X-ray 
imaging on the base of bubble formation time, rise velocity and diameters. 
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The bubble average and local heat transfer coefficient increased with the system pressure 
and decreased with water rate, respectively. 
One of the major concerns for a direct contact heat exchanger is constituted by the vapour 
explosion. The authors positioned their experiments in the stability map of [24] as function 
of liquid metal temperature and water mass flow rate at system pressure of 1 bar (see D in 
Figure 2.30). 
 
Figure 2.30: Stability map at 1 bar (from [23]). 
They observed that such boundary conditions belonged to the instable region of the map. It 
was verified conducting the tests. 
The experiments investigated also the effect of the pressure on the system stability. Vapour 
explosions occurred at atmospheric pressure and were suppressed increasing the system 
pressure. It was attributed to the stabilization of film-boiling. Moreover, increasing mass 
flow rate of water injected the stabilizing pressure increases. 
The author concluded that the likelihood of a vapour explosion is reduced increasing 
pressure above a threshold function of the water injection rate and liquid-liquid 
temperature difference. 
Furuya and Arai [8] investigated the triggering mechanism of vapour explosions occurring 
pouring a single smooth round water droplet onto six different molten alloy pools (LBE, 
Sn, Pb, Zn, Bi and In) at atmospheric pressure. The interactions were filmed by high-speed 
video camera. The authors believe that the random nature of the vapour explosion, 
highlighted by various authors, is caused by three factors influencing the trigger events in 
the premixing stage: 1) heat transfer rate from hot to cold liquid, 2) orientation of gravity 
force direction and the interface direction to the triggering events, and 3) surface properties 
as the oxide layer formation. The developed VECTOR facility (see Figure 2.31) aimed to 
eliminate such sensibility. The volume of the containment is about 0.5 m
3
 and contains the 
droplet nozzle, crucible, oxidation layer removal devices, pressurization system with argon 
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and heating systems. The crucible is 150 mm long, 170 mm wide and 30 mm deep. 
Degassed water was poured passing through a droplet temperature control piping. 
 
Figure 2.31: Sketch of VECTOR facility 
Figure 2.32 shows that increasing the molten metal pool temperature, the impinging 
droplet shows evaporation behaviours characterized by four different states: a) wetting 
state, b) transition state, c) spheroidal state and d) vapour explosion. A series of frames for 
each evaporation state is shown in Figure 2.33. 
 
Figure 2.32: Evaporation curve of a water droplet on a liquid metal pool (from [8]) 
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Figure 2.33: Series of frames illustrating contact modes for  
water droplet-molten LBE pool system (from [8]) 
The authors presented the thermal interaction zone of LBE-water system for mirror surface 
pool (water droplet is poured immediately after the removal of the oxide layer) and 
oxidized surface (water droplet is poured 10 s after the removal of the oxide layer). They 
are shown on the left and right of Figure 2.34, respectively. It shows that the random 
occurrence of the vapour explosion for oxidized surface disappears in mirror condition. 
The lower limit of the TIZ agrees with the spontaneous bubble nucleation temperature of 
water or the melting point of the alloy. The latter case is shown in the left of Figure 2.35 
for lead. 
The upper limit of the TIZ decreases with an oxide layer on the surface due to the increase 
of the emissivity of thermal radiation that stabilizes the vapour film (see Figure 2.34). 
Moreover, the TIZ of vapour explosion occurring in presence of oxidized surface is 
included in that measured for mirror conditions (see Figure 2.34). Therefore the TIZ 
determined with mirror surface is a conservative estimate. 
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The decreasing of the TIZ upper limit with emissivity increasing is confirmed from the 
right part of Figure 2.35, where vapour explosion regions for indium, tin, lead, bismuth-
lead and bismuth (listed in increasing order of the emissivity) are depicted. 
 
Figure 2.34: TIZ of LBE-water system for mirror (left) and oxidized (right)  
pool surface (from [8]) 
 
Figure 2.35: Contact mode for lead (left) and vapour explosion regions  
for different materials (right) 
Kurata [25] presented the experiments carried out at CRIEPI on the VECTOR [8] facility 
investigating the effect of the pressure system on the vapour explosion occurrence for 
LBE-water interaction (see Figure 2.36). 
The author deemed that the criterion which establishes the occurrence of the explosion of 
steam, at atmospheric pressure, is summarized in TSN < TI < TCRIT. Where the three terms 
are the spontaneous bubble-nucleation temperature, interface temperature and water critical 
temperature, respectively. In this condition vapour explosion can occur at initial melt 
temperatures between about 400 and 500°C and subcooled water condition. 
Water and LBE having weak wettability have a spontaneous nucleation temperature very 
close to the homogeneous nucleation temperature (~310°C for water). 
In Figure 2.36 it is possible to note that vapour explosions do not occur at pressures above 
0.2 MPa. The author also observed that decreasing droplet subcooling diminishes the 
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explosion intensity. In case where vapour explosions do not occur, the expansion of 
released water in LBE happens at a slower rate. 
 
Figure 2.36: TIZ for LBE-water interaction at different pressure system values 
2.2 Main outcomes and outlooks 
The performed bibliographic review of water-HLM interaction highlighted that steam 
explosion phenomenon is deemed to occur when the vapour film between hot and cold 
liquid becomes unstable and direct contact takes place. 
The instability of the vapour film (triggering mechanism) was observed by means of high 
speed digital video and low and high X-Ray radiography. This instrumentation allowed 
observing the propagation of the vapour instability from the starting point to the whole 
vapour film of a droplet or jet (propagation mechanism). In this phase pressure peaks were 
measured proving the propagation of the interaction. The film vapour instability was also 
studied generating external pressure pulse that initiated the explosion. 
The vapour film stability was considered affected by the heat transfer coefficient of 
condensation and thermal emissivity. Stability increases with emissivity and decreases 
with condensation HTC. 
The occurrence of vapour explosion was correlated by various authors to initial hot and 
cold liquid temperatures and TIZs were defined for various interacting liquids. The 
experimental results showed that energetic interaction occurs when the interface 
temperature overcomes the homogeneous nucleation temperature or metal melting point (if 
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higher). The upper interface temperature limit was correlated to the minimum film boiling 
or Leidenfrost temperature by some authors, above which the vapour film was stable, and 
water critical temperature, above which vapour is non-condensable, by others. However, 
such a definition of the domain of existence of SE does not take into account the effect of 
the system pressure. 
Authors observed also the effect of free surface oxidation and liquid metal emissivity as 
effects stabilizing the vapour film. 
The effect of the system pressure on the vapour explosion was investigated by few authors 
that observed with the pressure increase the reduction of the explosion intensity until it no 
longer exists above 2 bara. The pressure threshold, above which the steam explosion is 
suppressed, increases with injected water mass flow rate. 
The reviewed research activities on steam explosion aimed to provide knowledge on the 
BIC entailing the energetic CCI. These valuable data were adopted as reference to aid the 
understanding of the occurrence or nonoccurrence of SE in the performed THINS and 
LEADER experimental campaigns. 
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3 Experimental analysis of SGTR on LIFUS5/Mod2 facility and 
SIMMER-III validation 
In this chapter the experimental analysis of postulated SGTR event, carried out in the 
framework of two FP7 EU Projects, is presented. An overall number of 17 tests were 
performed in LIFU5/Mod2 facility to improve the knowledge of water/LBE interaction and 
the engineering effect of such a phenomenon in a tube bundle. 
The high quality data obtained were adopted to validate the SIMMER-III code and 
contribute to the database enlargement for models development and validation. 
3.1 Facility description 
LIFUS5/Mod2 facility [1-5], installed at ENEA CR Brasimone, is a separate effect facility 
designed to operate with heavy liquid metals, such as: lithium-lead alloy, lead-bismuth 
eutectic alloy and pure lead. The operation of the test facility had the objectives of 
investigating relevant phenomena connected with the safety of HLMFR designs and 
developing and validating numerical models for simulation tools used in safety analysis. 
LIFUS5/Mod2 facility (see Figure 3.1) is the result of the refurbished previous 
configuration LIFUS5 facility. LIFUS5 was adopted to perform pioneering experimental 
campaigns mainly oriented to investigate water/HLM interactions, in the research fields of 
pacific exploitation of nuclear fission [1-3] and fusion [4-5] energy. 
Figure 3.1 shows the main four components of LIFUS5/Mod2 facility: 
 the interaction vessel (S1), where water/HLM interaction occurs; 
 the water tank (S2), injecting water into the reaction tank by the pressurization 
realised with a gas cylinder connected on the top; 
 the dump tank (S3), where the water and HLM might be transported as 
consequence of their interaction; and 
 the liquid metal storage tank (S4). 
In Figure 3.1 the water level meter is highlighted. The control room (CR), specified in the 
same figure, allows a complete and safe management of each phase of the test execution 
procedure, by remote control. Figure 3.1 shows that the top flange of the reaction vessel is 
not mounted. It has the role of supporting the test section inserted in S1 and it is 
characteristic of the performed experimental campaign. THINS [7] and LEADER [8] 
campaigns employed two specific flanges and test sections.  
The main features of parts characterizing LIFUS5/Mod2 facility are summarized in Table 
3.1. 
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Figure 3.1: View of the LIFUS5/Mod2 facility 
Table 3.1: Main features of the LIFUS5/Mod2 components 
SYSTEM S1 INTERACTION VESSEL 
Volume [m³] 0.1 
Inner diameter [m] 0.42 
Height [m] 1.085 
Design pressure [bar] 200 
Design temperature [°C] 500 
Material AISI 316 
SYSTEM S2 WATER TANK 
Volume [m³] 0.015 
Diameter 4 inch sch. 160 
Design pressure [bar] 200 
Design temperature [°C] 350 
Material AISI 316 
SYSTEM S3 DUMP TANK 
Volume [m³] 2.0 
Inner diameter [m] 1 
Design pressure [bar] 10 
Design temperature [°C] 400 
Material AISI 316 
The main vessel S1 is about 100 litres and it is partially filled with HLM during the tests. 
Internally, S1 can be divided into an upper cylindrical part and a lower hemispherical part 
S1
S2
S3
S4CR
LM
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(see Figure 3.2). The inner diameter is 420 mm and the overall height is 780 mm. The S1 
vessel has 12 penetrations (4 holes at 90° on three levels) allowing the implementation of 4 
fast pressure transducers (three of which in the upper PT position and one in the lower one, 
see Figure 3.2) and two low time constant thermocouples (TCs) and the passage of 5 high 
temperature strain gauges (SGGs) set on the inner wall S1, one more SGG is welded on the 
outer wall of S1. 
 
Figure 3.2: S1 vertical section with water injection and HLM charge/discharge system 
The water injection system enters the bottom of the vessel S1 in central position. The 
injection is carried out above the internal lower edge of the vessel. An injector system 
composed by a tube of brass having an orifice and a protective cap, which is broken by the 
pressure of the water jet at the beginning of the injection phase, is connected to the top part 
of the water line. It is fixed with flanged connection to the bottom small flange of S1 (see 
Figure 3.2). The brass injector shall be substituted at the end of each test. The injection 
nozzle in principle could be increased up to about 15 mm, i.e. the limiting size is the water 
pipe diameter. Indeed, it is mounted at the end of the water injection line based on a ½” 
sch. 80 pipeline. 
The water line connects the tank S2 with the interaction vessel S1 and the vacuum pump 
line (see Figure 3.3). In the middle a discharge valve (V5) is installed, for draining the 
water at the end of the tests, and to remove steam formation during the conditioning 
heating phase. The water flows from S2 towards the valve V14, then the Coriolis 
flowmeter (letter “C” inside a red bounding) and finally through valve V4, before it enters 
in S1. The main geometrical features of the line are summarized in Figure 3.3. The water 
line is also connected with the vacuum pump by the valve V3, placed between the pump 
Support frame
Injection nozzle
LBE charge 
and discharge
Water injection
Free LBE level
Support frame
Injection nozzle
LBE charge 
and discharge
Water injection
Free LBE level
Instrumentation 
openings
lower
PT
upper
PT
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and the vessel S1. Before the injection occurs, the vacuum pump is activated to remove the 
air from the injection line down to about 0.1 bara. Therefore, the injected pressurized water 
expands and evaporates flowing toward the vessel S1. The evaporation magnitude affects 
significantly the pressure drops along the injection line, which alter the amount of water 
flow rate injected in S1 and consequently its pressurization kinetics. 
 
Figure 3.3: Sketch of the water injection and the gas line 
The water tank S2 is a 4 inch sch. 160 pipe, closed at the edges with proper welded plugs. 
The system has a volume of 14 L (plus those in the linked level meter). It is connected on 
the top with the gas line (see Figure 3.3), which is used for setting and keeping the pressure 
of the water according with the test specifications. The vessel S2 is connected by means of 
two lateral flanges on a magnetic level measurement device (see Figure 3.1). The 
connections are: one, on the upper part of S2, where moisture of argon gas and vapour 
phase are present, and the other, on the lower part. 
A dump tank S3 is part of LIFUS5/Mod2 facility. It can be connected by means of a 3” 
line to the top flange of S1 (see the flanged tube above S1 in Figure 3.1). The volume is 
equal to 2 m
3
 and the design pressure is 1 MPa. It represents a safety volume used to 
collect the vapour, gas and HLM ejected from S1 due to the occurred interaction. The tank 
S3 is disconnected during the FP7 THINS experimental campaign and is adopted in the 
LEADER one. 
The HLM in S1 is filled and drained, just before and after the test respectively. It is stored 
in the liquid metal storage tank S4 (see Figure 3.1), which is connected in the bottom of the 
main vessel using the same penetration of the water injection system. Indeed, liquid metal 
flows inside the injection line in the annular duct with respect to the water, as depicted in 
Figure 3.2. 
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The instrumentation, control, regulation and data acquisition systems of LIFUS5/Mod2 
facility, were upgraded for improving the level of details of the parameters involved in the 
phenomena of interest, as well as for providing to code developers/users more reliable 
definition of the initial and boundary conditions. In Figure 3.4 the instrumentation and 
acquisition system of LIFUS5/Mod2 is depicted for the facility configuration shown in 
Figure 3.1 (i.e. without S1 top flange). 
 
Figure 3.4: LIFUS5/Mod2 P&ID, instrumentation and acquisition system 
Three types of measurements were planned in the facility and utilized for the acquisition, 
control and regulation systems. 
The instrumentation set on the interaction vessel is composed by: 4 fast pressure 
transducers on the vessel wall at different elevations; 6 high temperature strain gauges, five 
of which on the internal wall at different heights and one externally. The instrumentation 
for the water injection system is composed by: 1 level measurement gauge, mounted on the 
water tank support, having maximum resolution of 20-25 g in the THINS and LEADER 
experimental campaign conditions; 1 fast pressure transducers, placed on the bottom of the 
water tank and 1 in the water injection line downstream the valve V4; 3 thermocouples, 
one of which in the dome of the water tank, the second one in the water side of S2 
(bottom) and the third one, in the injection line, downstream V4; and 1 Coriolis flowmeter 
placed on the water line between the valves V14 and V4, to provide an accurate 
measurement of the mass flow rate of the water injected. In the dump tank S3 an absolute 
pressure transducer and a thermocouple are implemented. 
Besides the instrumentation of the acquisition system, the control and regulation systems, 
provide also some data to the acquisition system by means of: 1 absolute pressure 
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transducer on the top flange of S1 (for both THINS and LEADER campaigns); 2 
thermocouples on the vessel wall of S1; 2 absolute pressure transducers installed in the gas 
zone of S2 tank and in the gas line close to the gas cylinder. 
LIFUS5/Mod2 DACS (Data Acquisition and Control System) is realized using National 
Instruments hardware and software. Exception is the acquisition of the strain gauges 
signals, which have dedicated hardware and software.  
A mix of Compact Field Point and Compact RIO modules are used as hardware. 
LIFUS5/Mod2 DACS architecture is logically divided in two separate sections: real time 
control and data acquisition (CTRL) and control, interlock and safety system (CISS). CISS 
is a separate subsystem dedicated to the protection of the operators and of the plant. CTRL 
is divided into the Human Machine Interface (HMI) and Supervisory Control And Data 
Acquisition (SCADA). The HMI (Human Machine Interface) and SCADA (Supervisory 
Control And Data Acquisition) run on standard x86 PC/Workstation and it is developed 
using LabVIEW software. 
3.2 THINS Project Activities 
The THINS [7] project was oriented to investigate thermal-hydraulic issues for innovative 
nuclear systems, by means of new experimental databases, development and validation of 
physical models for selected phenomena, improvement and qualification of numerical tools 
for the design and safety analysis of the reference innovative nuclear systems, i.e. Gen-IV 
reactors and the transmutation sub-critical systems. 
In this framework the modelling capabilities of system codes for multi-phase problems 
were addressed by means of newly generated high-quality measurement data. 
Qualified experiments were carried out in LIFUS5/Mod2 facility, implementing a 
dedicated test section and instrumentation. The experimental campaign is constituted by 
eight tests (plus two additional ones) divided into two groups, characterized by the nominal 
pressure of the water tank S2 set at 40 and 16 bar, see Table 3.2 and Table 3.3, 
respectively. The tests were named by a progressive number and an ENEA internal code as 
shown in the first row of the cited tables. The adopted heavy liquid metal was LBE. The 
lower pressure value was chosen to provide separate effect experimental data, suitable for 
code validation, having thermal-hydraulic parameter ranges representative of MYRRHA 
operating conditions [9]. 
The test matrix definition foresees, for each group, the variation of three parameters: 
temperature of the injected water, gas argon to LBE volume ratio in S1 and total amount of 
injected water, i.e. the opening time of the injection valve. The water injection is carried 
out by the opening of the valve V14 and V4 in the high and low pressure tests, 
respectively. V14 is adopted, during the first investigation part (T#1 - T#4), coherently 
with the past studies carried out at Brasimone [1]-[3]. Whereas, in the second part of the 
THINS campaign (T#5 - T#8), V4 is chosen, on the basis of the acquired data during the 
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previous four tests, aiming to reduce the vacuum region in the injection line and improve 
the Coriolis flowmeter acquisition, being designed to work with single phase flow. 
The LBE temperature, injection line penetration in S1 and the injection orifice diameter are 
constant in all tests of the experimental campaign. 
Table 3.2: High pressure (40 bar) THINS test matrix 
E-BIC 
T#1 
(A1.2_1) 
T#2 
(A1.3) 
T#3 
(A1.1) 
T#4 
(A1.4) 
Interaction system S1 S1 S1 S1 
LBE temperature [°C] 400 400 400 400 
Water pressure [bar] 40 40 40 40 
Water temperature [°C] 240 200 240 240 
Argon volume/LBE volume [%] 30 30 40 30 
Lasting time of the injection valve on [s] 2 2 2 3 
Water injection penetration in S1 [mm] 120 120 120 120 
Injector orifice diameter [mm] 4 4 4 4 
Table 3.3: Low pressure (16 bar) THINS test matrix 
E-BIC 
T#5 
(A2.1) 
T#6 
(A2.3) 
T#7 
(A2.2) 
T#8 
(A2.4) 
Interaction system S1 S1 S1 S1 
LBE temperature [°C] 400 400 400 400 
Water pressure [bar] 16 16 16 16 
Water temperature [°C] 200 180 200 200 
Argon volume/LBE volume [%] 30 30 40 30 
Lasting time of the injection valve on [s] 3 2 3 2 
Water injection penetration in S1 [mm] 120 120 120 120 
Injector orifice diameter [mm] 4 4 4 4 
The main outcomes of the experimental campaign are: 
 the generation of detailed and reliable experimental data, the knowledge 
improvement of physical behaviour and phenomena; 
 the investigation of the effect of changes in the water pressure and temperature of 
S2 on the mass flow rate injected and on the main parameters; 
 the characterizing the test investigation of the dynamic effects of energy release 
on the structures; 
 the enlargement of the database for code validation. 
3.2.1 Test section 
The investigation of LBE/water interaction in LIFUS5/Mod2 facility required the adoption 
of a dedicated test section and connected instrumentation, supported by the S1 top flange. 
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Inside the S1 vessel a support frame is placed (see Figures 3.5, 3.6 and 3.7), on which 68 
low time constant thermocouples are installed to acquire the water/vapour expansion path. 
The frame, welded on the top flange, has an overall length of 590 mm. It is immerged in 
the LBE melt when the reaction tank S1 is closed. 
 
Figure 3.5: THINS test section inside S1 
The structure has four horizontal cruciform levels supporting thermocouples, highlighted 
by red dots in Figure 3.6. The lower cruciform support, Level 1, is the nearest to the 
injection orifice and it has a vacuum (the central thermocouple is absent) in the central 
position, see Figure 3.7, to avoid the anticipated impact with the water jet. The second 
level, as the higher ones, presents the frame reaching the centre of the structure, see dotted 
circle in Figure 3.7. Therefore it constitutes an obstacle that fragments the water jet 
flowing upwards into the LBE melt. 
The thermocouples set in the centre of the horizontal support structure are coaxial with the 
reaction tank S1 and the injection orifice. Each one of the four horizontal branches 
constituting a cruciform support, referred to as level, hosts four thermocouples, see Figure 
3.6. The thermocouples nearest to the central one are considered belonging to the first ring, 
the outer ones to the fourth ring. 
The fast pressure transducer, thermocouple and strain gauge signals were acquired at 1, 
0.05 and 1 kHz, respectively, to provide high detailed data for the test analysis. 
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Figure 3.6: Support structure of the thermocouples in S1 
 
Figure 3.7: Detailed view of the TCs’ support structure 
The water injection line, based on a ½" sch.80 pipeline, enters from the bottom of the 
vessel S1 in central position and protrudes internally 120 mm, see Figures 3.5 and 3.6. The 
orifice, having a diameter of 4 mm, and its protective cap are mounted at the top of the 
injection line, see element “B” and “A” in Figure 3.5, respectively. The cap is broken by 
the pressurization of the injection line at the beginning of the injection phase. The rupture 
occurs at a well-defined position by means of a circumferential notch, “C” in the same 
figure, realised by machine tool. Therefore, the injection system shall be substituted at the 
end of each test. 
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Figure 3.8: View of the protective cap “A” and injection orifice “B” 
3.2.2 Experimental results and SIMMER-III validation 
The designed initial conditions of the tests were experimentally reached in satisfactory 
agreement. The comparison of designed and actual initial parameters is listed in Tables 3.4 
and 3.5, in which also boundary, final and useful conditions are reported. 
Besides the injection pressure and temperature, a relevant difference between the two 
series of tests is constituted by the adopted injection valve, positioned upstream (V14) and 
downstream (V4) the Coriolis flowmeter for the high and low pressure runs, respectively. 
The test T#1 (named also originally A1.2) provided a low pressurization of the reaction 
tank and the acquisition system did not work properly, thus the measured data are not 
presented and compared with the computed ones in the present work. Test A1.2 was 
repeated after the investigations listed in Tables 3.2 and 3.3 and was recorded as test 
A1.2_1. 
At the end of the experimental campaign the reference test of the high pressure series was 
repeated adopting V4 as injection valve (run A1.2_2). It aimed at investigating the effect 
of reduced water evaporation along the shorter injection line and acquiring Coriolis 
measurements. 
The post-test analysis of the whole experimental campaign was carried out with SIMMER-
III code. It deals with safety analysis problems in advanced fast reactors and constitutes 
one of the few codes able to simulate the coolant-coolant interaction event, taking into 
account the water evaporation occurring during the penetration in a liquid metals.
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Table 3.4: Initial conditions of THINS high pressure tests 
THINS high pressure series   T#1 (A1.2_1) T#2 (A1.3) T#3 (A1.1) T#4 (A1.4) 
Parameter Unit Design Actual Design Actual Design Actual Design Actual 
SYSTEM S1 
P @ SoT bar 1 2.1 1 1.8 1 1.6 1 2.1 
TLBE @ SoT °C 400 402.5 400 398.8 400 401.3 400 401.8 
LBE LVL (from S1 bot.) mm -- 620 -- 620 -- 580 -- 620 
VolGAS/VolLBE % 30% 29.6% 30% 29.6 40% 39.8% 30% 29.6% 
P peak @ injector cap rupture bar -- 14.7 -- 9.8 -- 11 -- 10.3 
Ratio between Ppeak and Pinjection_line @ 
injector cap rupture 
-- -- 0.94 -- 0.66 -- 0.52 -- -- 
Time of PS1 and PS2 equalization s -- 2.7 -- 1.6 --  -- 2.3 
P increase rate 
(1) 
bar/s -- 14.4 -- 24.9 -- 13.2 -- 17 
P @ EoT bar -- 41.1 -- 41.6 -- 35.9 -- 45.0 
SYSTEM S2 
P in gas line @ SoT bar -- 42.5 -- 43.1 -- 40.2 -- 43.7 
P @ SoT bar 40 42 40 42.4 40 40.1 40 43.3 
T @ SoT °C 240 240.7 200 206.6 240 242.8 240 245.9 
LVL @ SoT mm -- 1207 -- 1181 -- 1201 -- 1152 
Min. P during injection bar -- 36.2 -- 35.5 -- 37.5 -- 38.0 
P @ EoT bar 40 41.5 40 43.9 40 41.1 40 43.3 
T @ EoT °C 240 239.5 200 206.4 240 242.8 240 245.2 
LVL @ EoT mm -- 874 -- 842 -- 976 -- 819 
Mass of water injected g -- 420
(2) 
-- 440
(2)
 -- 380
(2)
 -- 470
(2) 
Charged water vol. l -- 8.0 -- 8.0 -- 8.0 -- 8.0 
Water vol. discharged l -- 7.0 -- 7.0 -- 7.0 -- 6.7 
INJECTION SYSTEM - valve V14 
Injection time s 3s or Peq
(4) 
3 2s or Peq
(4) 
2 2s or Peq
(4) 
2 3s or Peq
(4) 
3 
Time of injection valve opening s -- 0 -- 0 -- 0 -- 0 
Time of injection valve fully closed ms -- 3007 -- 2416 -- 2470 -- 3021 
Injector cap rupture Pressure bar -- 15.7 -- 14.8 -- 21.3 -- NA
(3)
 
Time of injector cap rupture ms -- 249 -- 353 -- 309 -- 325 
  
(1)
  From injector cap rupture to pressure equalization  
(3)
  NA = not acquired 
  
(2)
  Estimated  
(4)
  Pressure equalization between S1 and S2, aiming to protect flowmeter from LBE reverse flow 
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Table 3.5: Initial conditions of THINS low pressure tests 
THINS low pressure series   T#5 (A2.1) T#6 (A2.3) T#7 (A2.2) T#8 (A2.4) 
Parameter Unit Design Actual Design Actual Design Actual Design Design 
SYSTEM S1 
P @ SoT bar 1 2.4 1 2.1 1 2.3 1 2.2 
TLBE @ SoT °C 400 401.3 400 400.5 40 399.6 400 399.8 
LBE LVL (from S1 bot.) mm  620 -- 620 -- 580  620 
VolGAS/VolLBE % 30% 29.6% 30% 29.6% 40% 39.8% 30% 29.6% 
P peak @ injector cap rupture bar -- 21.9 -- 9.9 -- 7.6 -- 8.2 
Ratio between Ppeak and Pinjection_line @ 
injector cap rupture 
-- -- 1.74 -- 0.7 -- 0.68 -- 0.64 
Time of PS1 and PS2 equalization s -- 1.4 -- 0.85 -- 2.2 -- 2.0 
P increase rate 
(1)
 bar/s -- 10.9
 
-- 22.9 -- 8.2 -- 8.9 
P @ EoT bar -- 20.3 -- 18.2 -- 18.2 -- 17.1 
SYSTEM S2 
P in gas line @ SoT bar -- 18.9 -- 17.1 -- 18.5 -- 18.8 
P @ SoT bar 16 18.3 16 16.5 16 17.7 16 18.3 
T @ SoT °C 200 200.6 180 183.4 200 199.1 200 199.4 
LVL @ SoT mm -- 893 -- 868 -- 810 -- 918 
Min. P during injection bar -- 17.9 -- 15.7 -- 17.2 -- 17.6 
P @ EoT bar 16 18.3 16 16.2 16 17.7 16 18.2 
T @ EoT °C 200 202.1 180 183.6 200 199.5 200 200.1 
LVL @ EoT mm -- 874 -- 813 -- 799 -- 872 
Mass of water injected g -- 236
(2) 
-- 240
 (2)
 -- 255
(2) 
-- 196
(2)
 
Charged water vol. l -- -- -- 8.0 -- 8.0 -- 8.0 
Water vol. discharged l -- 6.0 -- 7.0 -- 6.9 -- 7.5 
INJECTION SYSTEM - valve V4 
Injection time s 3 or Peq
(3) 
Peq 2 or Peq
(3) 
2 3 or Peq
(3) 
3 3 or Peq
(3) 
Peq 
Time of injection valve opening s -- 0 -- 0 -- 0 -- 0 
Time of injection valve fully closed ms -- 2457 -- 1868 -- 3068 -- 2304 
Injector cap rupture Pressure bar -- 12.6 -- 14.1 -- 11.1 -- 12.9 
Time of injector cap rupture ms -- 46 -- 275 -- 51 -- 71 
  
(1)
  From injector cap rupture to pressure equalization 
  
(2)
  Measured with flowmeter  
(3)
  Pressure equalization between S1 and S2, aiming to protect flowmeter from LBE reverse flow 
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3.2.2.1 Experimental results 
The experimental transients are generally characterized by the injection valve opening and 
consequent injection line pressurization and cap rupture. It entailed the temporary pressure 
decrease in the injection line and occurrence of simultaneous (for the pressure signals 
acquired at 1 kHz) pressure peaks in the reaction tank due to the two-phase flow injected. 
The S1 pressure increased until valve V4 closure, activated by time or pressure 
equalization (S1-S2) signal. After that, the LBE contained in the reaction tank fell by 
gravity in the line, causing the evaporation of the water contained, then the stationary final 
state was reached. 
Some tests showed a continuous two-phase water injection, instead, during other runs the 
flow was subjected to a transition to liquid single phase. Such a different behaviour was 
connected to the level of subcooling of the injected water. Under this conditions it is useful 
to put in evidence that TSAT(40 bar) = 250.4°C and TSAT(16 bar) = 201.4°C. 
The various phases in which the investigated transients can be subdivided are listed in 
Table 3.7. They can be summarized in the time intervals: 
A from pressurization start of water injection line to cap rupture occurrence; 
B from cap rupture occurrence to water liquid phase starts to enter in S1 (two-phase 
flow); 
C from water liquid phase entering in S1 to the equalization of pressure in S1 and S2 
systems (single-phase flow); 
D from the equalization of pressure in S1 and S2 systems to injection valve closure; 
E from injection valve closure to End of Test. 
The following figures show pressure and temperature time trends differentiated by codes 
of the acquisition transducers listed in Table 3.6. 
Table 3.6: Pressure and temperature transducers  
Pressure Transducer Position Type 
PC-S1V-01 S1 top flange Absolute 
PT-S1V-01 S1 upper Fast-relative 
PT-S1V-02 S1 lower Fast-relative 
PT-S1V-03 S1 upper Fast-relative 
PT-S1V-04 S1 upper Fast-relative 
PT-S1V-05 S1 top flange Fast-relative 
PC-S2V-01 S2 cover gas Absolute 
PC-S2V-02 Gas line upstream S2 Absolute 
PT-S2V-06 S2 bottom Fast-relative 
PT-S2L-07 Injection line Fast-relative 
Thermocouple Position Note 
TC-S2L-01 Injection line 
downstream V4 
(near PT-S2L-07) 
TC-S2L-02 Injection line upstream V14 
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Table 3.7: THINS experimental runs, main events and timing in S1, S2 and injection line 
THINS experimental tests  High pressure tests Low pressure tests 
Test event Unit 
T#1 
(A1.2_1) 
T#2  
(A1.3) 
T#3  
(A1.1) 
T#4 
(A1.4) 
T#5 
(A2.1) 
T#6  
(A2.3) 
T#7  
(A2.2) 
T#8 
(A2.4) 
Number of phases characterising the test  5 5 2 5 4 5 4 4 
A-from pressurization start of water injection line to cap rupture occurrence 
Injection valve  V14 V14 V14 V14 V4 V4 V4 V4 
Time of injection valve opening s 0 0 0 0 0 0 0 0 
Time of injection line pressurization start s 0 0 0 0 0 0 0 0 
Time of injector cap rupture s 0.249 0.353 0.309 0.325 0.046 0.275 0.051 0.071 
B-from cap rupture occurrence to water liquid phase starts to enter in S1 
Time of pressure peak in S1 = injector cap rupture s ~0 ~0 ~0 ~0 ~0 ~0 ~0 ~0 
Two phase injection in S1  yes yes yes yes yes yes yes yes 
Two-phase pressure increase rate bar/s 11.8 12.9 13.2 16 11.9
(2)
 18.1 8.2
(2)
 8.9
(2)
 
Time of two-phase injection end s 2.207 0.828 NO
(1) 
0.771 NO
(1)
 0.6 NO
(1)
 NO
(1)
 
TSAT(PINJ-LINE) < TINJ-LINE  yes yes yes -- yes yes yes yes 
C-from water liquid phase entering in S1 to the equalization of pressure in S1 and S2 systems 
Liquid-phase pressure increase rate bar/s 23.8 31.6 ---
(1) 
22 -- 41.5 -- -- 
Time of pressure equalization (PS1=PS2) s 2.727 1.728 ---
(1) 
2.421 1.430 0.9 2.173 2.0 
TSAT(PINJ-LINE) < TINJ-LINE  no no yes -- yes no yes yes 
D-from the equalization of pressure in S1 and S2 systems to valve V4 closure 
Injection reduced after S1-S2 equalization, water flows 
upwards due to low ΔP and mainly buoyancy forces 
 yes yes ---
(1) 
yes yes yes yes yes 
Pressure in S2 increases due to gas from cylinder  yes yes ---
(1) 
yes yes yes yes yes 
Time of valve V4 completely closed s 3.007 2.416 2.470 3.021 2.457 1.868 3.068 2.304 
E-from valve V4 closure to End of Test 
LBE falls downwards in the injection line  yes yes yes yes yes yes yes yes 
Water in injection line flows in countercurrent 
direction (↑) 
 yes yes yes yes yes yes yes yes 
(1)
 single liquid phase injection is not reached, only two-phase injection 
(2)
 from injector cap rupture to pressure equalization 
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Test A1.2_1 was characterized by five phases "A"-"E" (see Table 3.7 and Figure 3.9). 
Initially (phase "A"), the opening of injection valve V14 determined the pressure increase 
in the injection line (see PT-S2L-07, grey line in Figures 3.9, 3.10 and 3.11) up to the cap 
rupture at 15.7 bar at about 0.25 s after the injection time. The second phase ("B") started 
showing pressure peaks in S1 (green lines in Figure 3.9), the higher of which was 14.7 bar 
as depicted in Figure 3.10. It is equivalent to 0.94 times the injection line pressure at the 
same instant. The pressure in the injection line decreased for a while as consequence of the 
opening in a lower pressure tank and increased again. 
 
Figure 3.9: Pressure time trends in S1, S2 and injection line, test A1.2_1 
 
Figure 3.10: Zoom of S1 and injection line pressurization at cap rupture time, test A1.2_1 
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A two-phase flow entered in S1, it was pressurized at 11.8 bar/s. During the injection the 
pressure in S2 decreased to 36.2 bar, because the connected Ar cylinder was not able to 
maintain on the S2 cover gas the initial pressure of 42 bar. The fluctuating pressurization 
of the injection line (grey trend) was due to water vaporization/condensation along the line. 
Figure 3.11 shows, in addition to the pressure time trends of Figure 3.9, the saturation 
temperature corresponding to the pressure in the injection line TSAT(PT-S2L-07) and the 
temperatures measured upstream V14 (TC-S2L-02) and downstream V4 (TC-S2L-01), in 
black, blue and red respectively. The phase "C", characterized by liquid single phase 
injection in S1, started about when the temperature upstream V14 (blue line) became lower 
than the saturation one (see Figure 3.11). The pressurization gradient increased by about 
23.8 bar/s and became about zero at the S1-S2 pressure equalization. The initial high 
temperature value measured by TC-S2L-01 (red trend) was due to the effect of the heated 
structure on the TC acquisition. 
 
Figure 3.11: Pressure and temperature time trends in S1, S2 and injection line, test A1.2_1 
When the equalization of the water and LBE systems was approached, the water injection 
decreased and it was mainly driven by a low pressure difference and buoyancy forces up to 
the valve V4 closure (phase "D"). From this time on (phase "E") the LBE fell from S1 into 
the injection line, causing a countercurrent vapour flow entering in S1 and released into the 
cover gas. 
The temperatures acquired by TCs on the first level of the support frame (see Figures 3.6 
and 3.7) showed that only three TCs (out of 16) of the first ring were cooled (TC-FNS-41, 
TC-FNS-51 and TC-FEW-51). The two TCs set on North-South direction were moderately 
cooled by about 15°C and TC-FEW-51 (on west direction) measured the maximum 
temperature drop of about 36°C at about 1 s after the injection. 
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The second level (see Figure 3.12) was affected by the higher cooling effect. The 
temperature acquired by TC on west direction dropped to 215°C at about 1 s, well below 
the value measured in the central TC (red line). At the same rank of TCs in north, south 
and east direction the cooling effect was lower, highlighting an eccentric injection. 
 
Figure 3.12: Temperature time trends at the second level and first ring, test A1.2_1 
On the third level the water/vapour jet arrived fragmented and caused the cooling of the 
first and second rank of TCs, the outer ones were practically constant at the initial value. 
The measured temperatures were higher than in the second level, the minimum 
temperature was registered by TC-FEW-5 at about 2.5 s after the injection time and it was 
equal to about 285°C. The fourth level of TCs measured reduced temperatures also on the 
third rank of TCs, the general cooling effect was lower than in the other levels, showing a 
maximum cooling effect of about 25°C, also in this level at the TC-FEW-5. 
Therefore the TCs set in position 5 on East-West direction at the four levels (TC-FEW-5x) 
measured the lowest temperature time trends values. It highlighted that the cap rupture 
occurred with a small asymmetry and the injected water was mainly directed toward West. 
The test A1.3 (see Tables 3.4 and 3.7) was performed injecting colder water at 200°C. The 
transient can be subdivided in five phases "A"-"E" shown in Figure 3.13, as in the test 
A1.2_1. The pressure time trends in S2, S1 and injection line are depicted in azure, green 
and grey, respectively. In black the saturation temperature corresponding to the pressure in 
the injection line (PT-S2L-07) is shown. The temperatures measured in the injection line, 
upstream V14 and downstream V4 are reported in blue and red, respectively. During the 
first phase the injection line was pressurized and the cap rupture occurred at about 
14.8 bar. At this instant the maximum pressure peak in S1 was equal to about 9.8 bar. 
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During phase "B" a two-phase flow was injected in S1 entailing a pressurization gradient 
of about 12.9 bar/s. 
 
Figure 3.13: Pressure and temperature time trends in S1, S2 and injection line, test A1.3 
  
Figure 3.14: Zoom of S1 and injection line pressurization at cap rupture instant, test A1.3 
The third phase "C" was characterized by the injection of liquid water into S1 and a 
consequent high pressurization slope of about 31.6 bar/s was measured. This phase started 
about at the instant in which the saturation temperature at the injection line pressure (black 
trend in Figure 3.13) overcame the water temperature upstream V14 (blue line). The 
pressure in S2 decreased of about 9 bar (azure line in Figure 3.13) reaching its minimum 
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value of about 35.5 bar at about 1 s from SoT. The last two phases showed the same 
phenomena described for test A1.2_1. 
The cooling effect measured by the TCs on the support frame was analogous to that 
described for the previous test. The four TCs of the first rank at the first level were cooled 
to about 370°C and the outer TC did not measured temperature reduction. 
On the second level the cold jet caused the minimum temperature (about 210°C) on the 
central TC and cooled to 250°C the TCs on the East-South direction of the first rank. On 
the North and West direction the cooling effect was reduced and temperature of about 
330°C was measured. The second rank of TCs was a bit cooled of about 30°C, and the 
outer two ranks of TCs were not affected. 
The third and fourth level of TCs showed temperature time trends analogous to those 
described in the previous test A1.2_1. 
The test A1.1 was performed with higher cover gas volume. It caused a lower 
pressurization of S1 at the end of transient (about 33 bar) in comparison to the other runs 
(see Figure 3.15). The injected water had temperature (blue line) higher than the saturation 
one (black line) throughout the whole test, therefore only two-phase flow entered into S1 
up to the valve V4 closure (phase "B"). The pressure gradient was rather low and almost 
constant to about 13.2 bar/s. The pressure equalization between S2 and S1 was not 
reached. The V4 closure at about 2.5 s entailed the pressure decrease in the injection line to 
the S1 value and the start of phase "E". The temperature measured in the injection line 
(TC-S2L-01) appeared to be overestimated, and affected by the temperature of the metallic 
structures close to the TC sensor. 
The pressure in S2 during the injection decreased to its minimum value of about 37.5 bar. 
 
Figure 3.15: Pressure and temperature time trends in S1, S2 and injection line, test A1.1 
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The cap rupture occurred at about 21 bar in the injection line and caused an initial pressure 
peak in S1 of about 11 bar (grey and red line in Figure 3.16, respectively). This peak was 
measured by PT-S1V-02 set in the lower position of S1 (see Figure 3.5), the other three 
transducers (PT-S1V-01, PT-S1V-03 and PT-S1V-04), set in the upper position, measured 
about the same pressure time trends with an initial higher value of about 3.5 bar (blue, 
green and violet lines in the same figure). 
 
Figure 3.16: Zoom of S1 and injection line pressurization at cap rupture instant, test A1.1 
The TCs of the first rank in north direction at the four levels (TC-FNS-4x) measured 
temperature time trends a bit lower than those acquired by the other TCs on the same rank 
(first). Thus a moderate eccentricity of the injection in north direction was highlighted. It is 
also observable that the red peak in Figure 3.16 is measured by the PT set in north-lower 
position. As in the other runs, at the first and second level of TCs only the first rank was 
significantly cooled. This effect was detected not larger than about 30 - 50 mm from S1 
vertical axis. The minimum temperature was measured on the centre of the second level, 
about 220°C between 0.5 and 2.5 s. At the third level also the TCs of the second rank were 
moderately cooled (Δt = 20°C). The fourth level of TCs was above the LBE free level thus 
the TCs measured an initial temperature increase when reached by LBE due to sloshing. 
The outer rank of TCs was reached by the fragmented jet and slightly cooled to 380°C. 
The test A1.4 was carried out with BICs analogous to those of run A1.2_1 (see Table 3.4). 
During the execution of this test the PT-S2L-07 (PT in the injection line) did not measure 
properly the pressure time trend, as shown by the grey line near to the axis of the abscissas 
in Figures 3.17 and 3.18. The pressurization transient of S1 can be divided in five phases 
(see Figure 3.17), as for tests A1.2_1 and A1.3. The lapse of time and the pressurization 
21 bar
11 bar
57 
 
gradient of each phase are listed in Table 3.7, the boundary, initial and ending conditions 
are reported in Table 3.4. 
 
Figure 3.17: Pressure and temperature time trends in S1, S2 and injection line, test A1.4 
 
Figure 3.18: Zoom of S1 and injection line pressurization at cap rupture instant, test A1.4 
The higher pressure peak in S1 at the injection time (see Figure 3.18) was measured by the 
PT in upper-East position (PT-S1V-04), it was about 10.3 bar. 
The TCs surrounding the nozzle at the second and third level detected the injection, 
whereas the outer ones were almost unaffected by the jet. The higher cooling effect was on 
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the central TC of the second level, measuring 220°C. The third and fourth levels of TCs 
were moderately cooled as in the other runs. 
The azimuthal and axial positions of the PTs measuring the higher pressure peaks at the 
cap rupture instant (see Figures 3.10, 3.14, 3.16 and 3.18) did not appear connected to the 
eccentricity of the injected water and to the initial conditions. This variability is due to the 
randomness of the cap rupture dynamics and jet fragmentation in the LBE melt. 
The low pressure tests (see Tables 3.5 and 3.7) were carried out injecting water at 16 bar 
from valve V4, aiming to reduce the low pressure region in the injection line and maintain 
the Coriolis flowmeter under single phase flow conditions. The runs A2.1, A2.2 and A2.4, 
having water temperature in S2 set at about 200°C (near TSAT), were characterized by two-
phase flow injection until V4 closure. Thus their transients were composed by four phases 
(see Table 3.7) "A", "B", "D" and "E" as shown in Figures 3.19, 3.21 and 3.23. These runs 
showed a fast cap rupture (some tens of ms from injection start) and a rapid pressurization 
of the injection line up to the S2 value in less than 1 s. The pressurization gradient of S1 
was about 10 bar/s for the three mentioned tests (see Table 3.7), coherently to the two-
phase injection. It is confirmed by the temperature time trends depicted in Figures 3.19, 
3.21 and 3.23, were it is possible to highlight the higher temperature time trends measured 
in the injection line (blue and red trends) in comparison to the saturation temperature at the 
injection line pressure (black trend). The S1 pressurization, after the V4 closure, showed a 
plateau at the S2 pressure value. 
 
Figure 3.19: Pressure and temperature time trends in S1, S2 and injection line, test A2.1 
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In the run A2.1 a moderate pressure increase in S1 was observed after the injection valve 
closure, due to the evaporation of the water trapped in the injection line coming into 
contact with falling LBE. 
Figure 3.20 shows measured pressure peaks at the injection time of test A2.1. A very high 
peak was acquired by the PT-S1V-02, set in the lower position of S1 wall (see Figure 3.5), 
equal to 21.9 bar. It is necessary to underline that this peak, as well as those depicted in the 
previous and following figures, is composed by only one point. The acquisition system 
working at 1 kHz revealed its limitation in the sampling of the pressure peaks. This is the 
reason because in the LEADER experimental campaign the acquisition frequency was 
increased to 10 kHz. The measured peak, 21.9 bar, was well above the pressure in the 
injection line at the same instant, 12.6 bar. The PT-S1V-02 did not show operating 
anomalies during the whole THINS experimental campaign (also during the following 
LEADER tests), before and after the high pressure point measured. It is difficult to deem 
that such PT malfunctioned only during the acquisition of that point. It is reasonable to 
conclude, thus, that the high peak could be due to an energetic water-LBE interaction. It 
needs further investigation. 
 
Figure 3.20: Zoom of S1 and injection line pressurization at cap rupture instant, test A2.1 
The Figures 3.20, 3.22 and 3.26 show that the higher pressure peak was measured by the 
PT-S1V-02 (red line). Such peaks appear also anticipated in comparison to the others, it 
was also noted for test A2.4 (see Figure 3.24). Therefore, the runs carried out injecting 
water at 16 bar showed a consistency in the occurrence of the higher peak at the lower PT 
position. It did not appear in the high pressure tests, probably due to the different dynamics 
of the water-LBE interaction connected to the different pressure. 
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Figure 3.21: Pressure and temperature time trends in S1, S2 and injection line, test A2.2 
 
Figure 3.22: Zoom of S1 and injection line pressurization at cap rupture instant, test A2.2 
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Figure 3.23: Pressure and temperature time trends in S1, S2 and injection line, test A2.4 
 
Figure 3.24: Zoom of S1 and injection line pressurization at cap rupture instant, test A2.4 
The run A2.3, injecting subcooled water at about 180°C, was characterized by five phases 
(see Table 3.7 and Figure 3.25). The subcooled water entailed a lower evaporation along 
the injection line and a consequent slow pressurization during the phase "A". The two-
phase injection ended at about 0.6 s and was followed by liquid injection characterized by 
high pressure trend slope of 41.5 bar/s. It entailed the S1-S2 equalization earlier than in the 
other runs, before 1 s. After that, the plateau of the pressure trend in S1 was about 3 bar 
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higher than the pressure value in S2. It was due to the injection of liquid water that 
evaporated with delay. 
 
Figure 3.25: Pressure and temperature time trends in S1, S2 and injection line, test A2.3 
 
Figure 3.26: Zoom of S1 and injection line pressurization at cap rupture instant, test A2.3 
The temperature time trends measured by the TCs on the support frame during the tests 
A2.1, A2.2 and A2.4 are similar between them and analogous to those of the high pressure 
tests. The first level of TCs measured a maximum temperature decrease of about 30°C 
between 0.5 and 1 s after the injection start only on the first rank, the outer ones were 
almost unaffected by the jet. The minimum temperature in the melt was observed by the 
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central thermocouple installed at level 2, the temperature dropped to about 210°C, which is 
about the temperature of the water injected. Also at this level only the first rank of TCs 
was cooled down, at about 330°C. At the third and fourth level of TCs the jet arrived 
fragmented affecting also the second and third rank of TCs, respectively, with lower 
temperature of 360 and 380°C, respectively. 
The test A2.3, in which colder water was injected, showed an analogous behaviour to the 
other runs, but temperatures generally lower of about 20°C. 
3.2.2.2 SIMMER-III model 
The developed axisymmetric SIMMER-III geometrical domain of the LIFUS5/Mod2 
facility is shown in left side of Figure 3.27, the main components of which are connected 
by dotted arrows to the real ones depicted in the overall sketch in the right of the same 
figure. The geometrical domain is composed by 23 radial and 88 axial subdivisions. The 
LBE is represented in red, the water in blue, the argon (cover gas) and air (injection line) in 
white and the non-calculation regions in light green. Rotating the 2D SIMMER-III domain 
along the axis of symmetry (blue dot-dashed line on the left) the whole volumetric model 
is obtained, in which every cell is a toroidal volume with rectangular cross section. 
 
Figure 3.27: SIMMER-III geometrical model injecting water from valve V14 
The reaction vessel S1 was positioned in the upper part and coaxially to the model. The 
injection line is horizontally installed and cannot be coherently modelled in an 
axisymmetric domain. Therefore, to conserve the cylindrical shape of the injection tube, it 
was positioned vertically and coaxially with the entire model. The injection tube length is 
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about 4 m. This value has been conserved in vertical direction and due to the water density, 
in THINS conditions, the simplification performed entails almost 0.4 bar of gravity 
pressure losses in the SIMMER-III model that do not occur in the experimental conditions. 
This simplification has been considered acceptable due to the considerably higher water 
pressure, i.e. 40 and 16 bar. The vertical injection line (½" of diameter) penetrates 120 mm 
into the vessel S1, at the top of this line the orifice with diameter of 4 mm is set. On the left 
of Figure 3.27, the positions of the valve V14, V4 and the 2 inch tube, where the Coriolis 
flowmeter is set, are shown. This model is adopted for the high pressure test simulations, 
coherently to their initial conditions. The SIMMER-III model adopted for the numerical 
simulation of the low pressure tests implements water in the injection line up to the valve 
V4, see Figure 3.28. 
 
Figure 3.28: SIMMER III geometrical model injecting water from valve V4 
The depicted SIMMER-III models are out of scale, because each axis has a specific scale 
factor. 
The pressure time trends measured in the S2 dome is imposed as computational boundary 
condition of the performed simulations. 
The SIMMER-III models shown in Figures 3.27 and 3.28 depict the starting instant (t = 0 
s) of the calculation, assumed coincident with the instant when the water begins to flow 
through the injection valve. At the top of injector, the injection orifice is kept closed for the 
lapse of time experimentally measured to achieve the cap rupture. The interruption of the 
water injection is simulated, as it occurs during the whole campaign, by the valve V4 
closure, which isolates the vessel S1 from the pressurized water tank S2. 
The injection line is implemented in the SIMMER-III model delimited by non-calculation 
regions. It implies that the fluid-structure coupling does not occur and consequently the 
pressure drops along the injection line are not directly computed by the code. In such a 
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configuration the single phase pressure drops are modelled by concentrated pressure drops 
simulated by means of Reynolds independent orifice coefficients set at cell junctions. This 
approximation was chosen because the adoption of a tube wall provided the same results. It 
does not allow the two phase pressure drops prediction directly by the code in the injection 
line. 
Aiming to evaluate the influence of the evaporation occurring along the injection line, the 
tests were also simulated by SIMMER-III model having the injection line completely filled 
by water, as shown in Figure 3.29. As presented in the following, such an approximation 
reduces the code prediction capability. 
 
Figure 3.29: SIMMER-III geometrical model injecting water from the cap orifice 
3.2.2.3 SIMMER-III results of high pressure tests 
The numerical results obtained by the SIMMER-III code for tests T#1, T#2, T#3 and T#4 
are shown hereafter. 
The experimental and calculated pressure time trends presented in the following figures are 
differentiated by colours. The experimental pressure time trend in the dome of the water 
tank S2 is azure, its value has been imposed in the numerical simulations on the basis of 
the experimental data. The experimental pressure time trends in the reaction vessel S1 and 
injection line are green and grey, respectively, and the calculated values are depicted red 
and blue, respectively. 
The integral value of the injected water mass was estimated on the basis of the level meter 
data and remaining water in the injection line measurements. It was affected by 
uncertainty. The Coriolis flowmeter working in two-phase flow conditions did not provide 
reliable data. 
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The test T#1 (named A1.2_1 in [10]) is numerically simulated with the SIMMER-III 
model shown in Figure 3.27. It constitutes the reference test of the series. The experimental 
and calculated pressure time trends are depicted in Figure 3.30. 
The pressure time trends computed by the SIMMER-III code over-predict the measured 
data. At the injector cap rupture instant the computed pressure in the injection line 
overestimates the calculated one of about 12 bar (blue and grey line respectively in Figure 
3.30). This is attributed to the lower pressure drops simulated along the injection line of the 
model. It also entails a calculated pressure time trend in S1 (red line in Figure 3.30) with a 
higher slope than the measured one (green line). The kinetics of the pressure transient 
results therefore accelerated and the SIMMER-III code predicts the pressure plateau about 
1 s earlier. 
The tests T#1 and T#4 were performed imposing about the same boundary and initial 
conditions. However, comparing Figure 3.30 and Figure 3.46, the experimental pressure 
time trends measured into the reaction tank (green lines) differ by almost 10 bar at about 
1.5 s after the injection start. The calculated data of such tests (red lines), instead, show 
pressurization time trends in agreement between them and the observable differences are 
deemed due to the different pressure trends imposed in the dome of the water tank S2 and 
instant of the cap rupture. 
 
Figure 3.30: Calculated and experimental pressure time trends of the test T#1 
The numerical results obtained adopting the SIMMMER-III model having the injection 
line filled by water (see Figure 3.29), that means injecting water from the orifice, are 
shown in Figure 3.31. It is possible to note, in comparison with Figure 3.30, the complete 
loss of the pressurization data in the injection line (blue trend) and a higher overestimation 
of pressure time trends in the reaction tank S1 (red line). Therefore, it justifies the 
modelling of the low pressure air region in the injection line to improve the prediction 
capability of the code. 
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Figure 3.31: Calculated and experimental pressure time trends of the test T#1,  
without vacuum region in the injection line 
The SIMMER-III code predicts a water mass injected into S1 during the experiment equal 
to about 0.36 kg. This value is reasonably in agreement with that experimentally estimated 
of 0.42 kg [10], subtracting the residual water in the injection line at the end of the test 
from the initial water amount. 
The analysis performed by the post processor BFCAL of the SIMMER-III code is focused 
on the investigation of the energy exchanges in the LBE and cover gas regions inside S1. 
The investigation of the vapour bubble formation and growth in the reaction tank is 
performed and shown in Figure 3.32. The LBE void fraction equal to 1 is depicted in red 
and the blue cells indicate that LBE is substituted by other components that are, in this 
analysis, the cover gas of the reaction tank and the water injected from S1 bottom. The 
instant in which the vapour bubble enters in the cover gas region entails the loss of 
meaning of the cover gas compression work computed by the BFCAL postprocessor. 
Because of this tool takes into account only the initial cover gas volume and the addition of 
another gas is not taken into account by the BFCAL algorithm. As shown in Figure 3.32, 
the vapour bubble reaches the cover gas almost 0.5 s after the start of the simulation, which 
is almost 0.25 s after the water injection start. 
The instant in which the rupture of the vapour bubble occurs (entering into the cover gas) 
could be more precisely identified, as shown in Figure 3.33, by the observation of the 
water kinetic energy time trend in the cover gas region (red line) becoming higher than 
zero. In the same figure, also the water kinetic energy trend in the LBE region is depicted 
(blue line). It starts to increase from zero at the cap rupture instant. The computed water 
kinetic energies have low values, having an order of magnitude of one Joule in the LBE 
and tenths of Joule in the cover gas region (see Figure 3.33). 
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Figure 3.32: LBE volume fraction and vapour bubble evolution during the water 
interaction phase, calculated by SIMMER-III code 
 
Figure 3.33: Water kinetic energy time trends in the cover gas and LBE regions, T#1 
Due to the lack of meaning of the cover gas energy content after the entering of an external 
gas, the mechanical energy (blue line), compression work (red line) and total kinetic 
energy (green line) are depicted in Figure 3.34 up to 0.6 s after the calculation start. It is 
verified that the sum of the total kinetic energy and the compression work in the cover gas 
region provides the mechanical energy (blue line). The compression work time trend 
shows an oscillating behaviour due to the action of the cover gas that tends to counteract 
the LBE moving upward. Figure 3.34 shows that the kinetic energy constitutes a very low 
part of the mechanical energy, which is mainly constituted by the compression work of the 
cover gas. 
Comparing the components of the mechanical energy in the reaction vessel S1, see Figure 
3.35, it is possible to note that the two depicted time trends are correlated. Indeed, the 
instants in which the compression work has a relative maximum or minimum the kinetic 
energy shows a relative minimum. Moreover, the kinetic energy trend has a relative 
maximum at the maximum compression work time derivative (compression power), 
corresponding to the instant of higher velocity. 
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Figure 3.34: Mechanical energy, compression work and kinetic energy time trends  
in the cover gas region, T#1 
 
Figure 3.35: Compression work and kinetic energy time trends  
in the reaction vessel S1, T#1 
In the test T#2 (A1.3 in the ENEA report [11]) the water is injected at a lower temperature, 
200°C. It was numerically simulated with the SIMMER-III model shown in Figure 3.27. 
The experimental and calculated pressure time trends are depicted in Figure 3.36. Initial 
and boundary conditions and pressurization transient phases are listed in Tables 3.4 and 
3.7Error! Reference source not found., respectively. 
Analysing the SIMMER-III results, reported in Figure 3.36, it can be seen that the code 
overestimates the pressures measured in S1 and injection line. 
In particular, it is possible to note that the computed pressure in the injection conduct, blue 
line, before the orifice opening, slightly overestimates the experimental data. This 
difference is lower than in the tests T#1, T#3 and T#4 because of the lower water 
evaporation occurring in the test T#2 along the injection line, due to the lower water 
injection temperature: 200°C instead of 240°C. 
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Figure 3.36: Calculated and experimental pressure time trends of the test T#2 
After the orifice opening, the blue line has a slope in agreement with the experimental grey 
one up to about t = 0.6 s, when the liquid water single-phase flow is established in the 
modelled injection line. At this instant the computed pressure in the injection line 
increases, becoming slightly lower than the pressure in the water tank dome. The 
calculated rapid passage from the two- to single-phase flow anticipates of about 0.6 s the 
same phenomenon experimentally observed (at about t = 1.2 s the grey time trend has a 
sharp reduction of slope). Such an abrupt flow regimes change entails a computed pressure 
peak of almost 43 bar. It occurs exactly at the instant in which the small amount of vapour, 
remained trapped into the wider 2 in, disappears (escapes and condenses) completely. 
The pressure time trend calculated in the vessel S1, red line in Figure 3.36, over-predicts 
the experimental data, as consequence of the higher pressure in the injection line. 
During the water injection transient, the measured pressure in the cover gas of the water 
tank S2 is not constant and decreases as shown by the azure line in Figure 3.36. 
The total water mass injected into the reaction vessel S1 was computed by SIMMER-III 
code to be almost 0.4 kg, that is coherent with the value experimentally estimated [11]. 
Figure 3.37 shows the water injection and vapour bubble formation and growth. It is 
possible to note that the instant in which the bubble reaches the argon cover gas could be 
approximately estimated equal to 0.6 s after the calculation start and corresponding to 
about 0.25 s after the water entrance into S1. These data are confirmed by the red line 
depicted in Figure 3.38, where the water kinetic energy in the LBE (blue line) and cover 
gas regions (red line) are shown. 
71 
 
 
Figure 3.37: LBE volume fraction and vapour bubble evolution during the water 
interaction phase, calculated by SIMMER-III code 
 
Figure 3.38: Water kinetic energy time trends in the cover gas and LBE regions, T#2 
The water injected at 200°C entails lower water evaporation in S1 and consequently a 
higher water kinetic energy in comparison with the tests T#1, T#3 and T#4. The water 
kinetic energy in the LBE and cover gas regions reaches values almost equal to 7 and 2 J, 
respectively. 
The mechanical energy, compression work and kinetic energy in the cover gas region are 
depicted in Figure 3.39. Also in this test the kinetic energy constitutes a very low fraction 
of the mechanical energy, which is almost equal to the cover gas compression work. Figure 
3.40 shows the components of the mechanical energy, i.e. compression work and kinetic 
energy in S1. The oscillating time trends depicted in Figures 3.39 and 3.40 have lower 
frequency and magnitude than the previous test, as consequence of the water injected at 
lower temperature. 
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t = 0.50 s
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Figure 3.39: Mechanical energy, compression work and kinetic energy  
time trends in the cover gas region, T#2 
 
Figure 3.40: Compression work and kinetic energy time trends  
in the reaction vessel S1, T#2 
Test T#3 (A1.1 in the ENEA report [12]) is performed increasing the cover gas fraction. 
Its volume was set equal to 40% of the LBE volume. The calculated, employing SIMMER-
III model of Figure 3.27, and measured pressure time trends are shown in Figure 3.41. 
The higher free volume in S1, with respect to the other tests, yielded a lower measured 
pressure slope and final value in S1. The kinetics of the transient was slowed down. Tables 
3.4 and 3.7 show the main BIC and times characterising the various phases of test T#3, 
respectively. 
The calculated pressure time trends overestimate the experimental data in the first 3 s after 
the valve V14 opening, they are however qualitatively in agreement. The calculated 
pressure values are, instead, in agreement with the experimental ones after the 
pressurization of the reaction vessel is reached, which occurs about 2.5 s after the transient 
start. 
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Figure 3.41: Calculated and experimental pressure time trends of the test T#3 
At the instant of the orifice opening, the pressure computed in the injection line 
overestimates the measured one by about 10 bar. The analogous difference in the test T#2 
was almost a third, due to the lower water sub-cooling (240°C instead of 200°C) that 
entailed higher evaporation. Test T#3, thus, confirms the necessity to better take into 
account the two-phase flow pattern inside the injection line. 
The overall computed water mass injected is about 0.5 kg. This value is coherent with the 
other tests, because the higher cover gas allows that a higher quantity of water is injected 
in the reaction vessel. Instead, the experimentally estimated value [12] is 0.38 kg. 
Figure 3.42 illustrates the LBE volume fraction during the water injection phase and the 
consequent vapour bubble formation. It is possible to observe that the vapour enters the 
cover gas at almost 0.7 s after the calculation start. This lapse of time is higher than that 
calculated in the other tests, because the higher cover gas volume defines a system having 
higher compressibility. Consequently, the water kinetic energy in the cover gas, see Figure 
3.43, has values higher than zero up to the end of the water injection (t = 2 s), instead the 
other tests showed water kinetic energy in the cover gas decreasing earlier, see Figures 
3.33, 3.38 and 3.48. 
Figure 3.43 shows also that the higher cover gas volume entails a lower water kinetic 
energy in the LBE region (blue line) in comparison with the other tests. 
Figure 3.44 shows the mechanical energy, compression work and kinetic energy in the 
cover gas region. The kinetic energy is also in this test negligible in comparison with the 
compression work, which constitutes almost the whole mechanical energy of the cover gas 
region. Figure 3.45 depicts the components of the mechanical energy in the reaction tank 
S1. The magnitude of the compression work is analogous to that computed in the test T#1 
and T#4 that have been performed with a lower cover gas volume. This is due to the fact 
that test T#3 has higher cover gas volume and lower pressurization values, which provide 
compression work value similar to that obtained with lower cover gas volume and higher 
pressurization. 
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Figure 3.42: LBE volume fraction and vapour bubble evolution during the water  
interaction phase, calculated by SIMMER III code 
 
Figure 3.43: Water kinetic energy time trends in the cover gas and LBE regions, T#3 
 
Figure 3.44: Mechanical energy, compression work and kinetic energy  
time trends in the cover gas region, T#3 
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Figure 3.45: Compression work and kinetic energy time trends  
in the reaction vessel S1, T#3 
Test T#4 (A1.4 in the ENEA report [13]) has the same boundary and initial conditions of 
the test T#1 (see Tables 3.4 and 3.7). 
The calculated and experimental pressure time trends are shown in Figure 3.46. The 
pressure transducer set in the injection line did not work properly and measured data near 
to 0 bar, as it is possible to see in Figure 3.46, in which the grey line is depicted closely to 
the axis of the abscissas. However, it is reasonable to assume that, before the orifice 
opening, the pressure trends in the injection line is close to those measured during the test 
T#1 and T#3. 
The numerical results obtained by the SIMMER-III code over-predict the experimental 
data during the phase of increasing pressure in S1, similarly to the other tests. The almost 
stationary pressure trends computed at the end of the transient are in good agreement with 
the measured data. 
The calculated overall water mass injected during the transient is almost 0.37 kg. This 
value underestimates the measured data of 0.47 kg because of the faster S1 pressurization 
computed by SIMMER-III code. 
The first tenths of second of the water injection phase provides numerical results in terms 
of energetic analysis analogous to those obtained for the test T#1, as shown in the Figures 
from 3.47 to 3.50. In these figures the computed LBE void fraction and evolution of the 
vapour bubble in S1, the water kinetic energy in the cover gas and LBE regions, the 
mechanical energy, compression work and kinetic energy in the cover gas and the 
compression work and total kinetic energy in S1 are shown. 
The numerical simulation of the test T#4, see Figure 3.46, coherently with the calculation 
results obtained for the other tests, shows that the pressure drops simulated along the 
injection line underestimate the measured trend. 
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Figure 3.46: Calculated and experimental pressure time trends of the test T#4 
 
Figure 3.47: LBE volume fraction and vapour bubble evolution during the water 
interaction phase, calculated by SIMMER-III code 
 
Figure 3.48: Water kinetic energy time trends in the cover gas and LBE regions, T#4 
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Figure 3.49: Mechanical energy, compression work and kinetic energy  
time trends in the cover gas region, T#4 
 
Figure 3.50: Compression work and kinetic energy time trends  
in the reaction vessel S1, T#4 
The modelling of the injection line is at the basis of the pressure time trends 
overestimation, due to the underestimation of the two-phase pressure drops. Aiming to 
improve the obtained results, an application of the Lockhart-Martinelli multipliers is done 
and the obtained results are shown in Figure 3.51. The calculated pressure time trend into 
the reaction vessel S1 shows a considerable slope reduction in comparison with Figure 
3.46 and the obtained results appear improved. 
The adopted method is applied multiplying the implemented Reynolds independent orifice 
energy loss coefficients, calculated to take into account the single-phase friction pressure 
drops, by a Lockhart-Martinelli two-phase friction multiplier. It was evaluated on the basis 
of an average value of the quality parameter, equal to 0.3. It corresponds (assuming a 
unitary slip ratio) to friction multiplier that becomes too high when the quality in the 
channel decreases. Indeed, about 1.5 s after the water injection start, the single phase liquid 
flow occurs in the channel and the implemented L-M two-phase multiplier caused the 
underestimation of the S1 pressurisation. To reduce this inaccuracy, at almost 1.25 s after 
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the valve V14 opening, the two-phase friction multiplier is set equal to 1. The obtained 
results are shown in Figure 3.52 and appear to be in agreement with the experimental data, 
during the pressurization phase of the reaction vessel as well as at the end of the transient, 
when almost stationary pressure values are reached. 
 
Figure 3.51: Calculated and experimental pressure time trends of the test T#4,  
with two-phase flow multiplier 
 
Figure 3.52: Calculated and experimental pressure time trends of the test T#4,  
with modified two-phase flow multiplier 
The temperature time trends are computed by the SIMMER-III code for all the tests of the 
experimental campaign. Hereafter the calculated and measured temperature trends of the 
corrected test T#4 (Figure 3.52) are reported. 
The measured temperatures are depicted by solid lines and the calculated results are 
represented by dotted lines. The temperature measured in the centre, first, second, third and 
fourth ring are depicted by red, green, blue, black and grey lines, respectively. In the 
legend of the following figures the information of the axial and radial position of the cell in 
which the shown temperature were computed is provided by the two numbers between 
brackets, respectively. 
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Figure 3.53 shows the measured and computed temperature at the first level of the support 
structure. The measured data show a moderate cooling effect only on the first ring, 
continuous green line. Instead, the numerical results show a higher cooling effect on the 
first and second ring, down to almost 200°C, during the first 0.5 s of the transient. Such an 
overestimation and anticipation of the cooling effect is due to the liquid-vapour water jet 
kinetics penetrating the molten LBE, predicted by the SIMMER-III code. It predicts a cold 
jet wider and faster to flow upwards than experimentally, so that it impacts earlier and with 
a higher cooling effect on the thermocouples of the first and second ring at the first level. 
 
Figure 3.53: Experimental and calculated temperature time trends  
in the Level 1 of the test T#4 
The mentioned difference is due to the fact that the SIMMER-III results are obtained 
adopting the default code settings, which appear not well suitable to take properly into 
account the expansion vapour kinetics in the LBE pool. The code predicts a faster 
formation of a larger vapour bubble than that experimentally measured, entailing a higher 
cooling effect. Moreover, the numerical results show that the vapour bubble can move 
upward after overcoming the LBE resistance, reducing its own wideness and Figure 3.53 
shows that the computed cooling effect on the first level disappears almost 0.5 s after the 
injection start. A sensitivity analysis on the cell number of the domain did not showed 
significant changed results. 
Figure 3.54 depicts the experimental and calculated temperature time trends in the second 
level of the support structure. The SIMMER-III code predicts the temperature in the 
central position of the cruciform support in reasonable agreement with the experimental 
data. Analogously to the previous figure, the code results anticipated the cooling effect on 
the thermocouple positioned in the centre of the level and also provided a delayed 
rewetting by LBE. When the pressure in S1 tends to equalize that in the injection line, the 
amount of water injected decreases and consequently the temperature measured and 
calculated increases. SIMMER-III code computes the outer thermocouples, from the first 
to the fourth ring, cooled until 0.5 s after the injection start. Instead, the measured data 
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show a cooling effect on the first thermocouples ring (green line) until almost 3 s after the 
transient start. 
 
Figure 3.54: Experimental and calculated temperature time trends  
in the Level 2 of the test T#4 
Figures 3.55 and 3.56 show that the code overestimates the cooling effect in the central 
position of S1 at level 3 and 4. It is due to the absence, in the geometrical model, of the 
support structure and its four horizontal cruciform supports. Such a cruciform structure is 
not simulated in the geometrical model because its shape is not well reproduced by an 
axisymmetric model. 
 
Figure 3.55: Experimental and calculated temperature time trends  
in the Level 3 of the test T#4 
Thus, in the geometrical model, the jet of steam does not encounter obstacles along its 
upwards path and its cooling effect along the axis of S1 is constant at different height. 
Instead, the experimental configuration, see Figure 3.7, entails that the injected water 
passes through the central opening of the first cruciform level and impacts against the 
second and upper levels. The consequent jet fragmentation entails a reduced cooling effect 
on both the upwards levels, Figures 3.55 and 3.56. 
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Figure 3.56: Experimental and calculated temperature time trends  
in the Level 4 of the test T#4 
The computed temperature trends are generally also affected by the injection of water into 
the reaction tank S1 at higher pressure than during the experimental tests. It contributes to 
the anticipated cooling events at the four levels. 
The differences, shown in Figures 3.53, 3.54, 3.55 and 3.56, between the experimental and 
computed data are also due to water-LBE slip ratio modelled by the code. 
Moreover, the fragmentation of the water due to the horizontal cruciform structures is not 
simulated by the axisymmetric model. Therefore, the numerical analysis by means of a 
three-dimensional model (SIMMER-IV) appears to be suitable to reduce the described 
approximations. 
3.2.2.4 SIMMER-III results of low pressure tests 
The second part of the THINS experimental campaign is composed by four tests carried 
out injecting water at almost 16 bar in the reaction tank S1. Since the water temperature for 
three out of four tests, see Tables 3.3 and 3.5, is close to the saturation value (201.4°C at 
16 bar), the water tank S2 was pressurized about 1-2 bar more, aiming to avoid the boiling 
onset in the water tank. The reference test was T#5. T#6 was performed with lower water 
temperature (180°C). The effect of higher cover gas-LBE volume ratio (40%) was 
investigated in T#7 and T#8 was carried out analogously to T#5 to provide repeatability 
data. The cited tests are originally named in the ENEA documents, as shown in the 
following figures, A2.1, A2.3, A2.2 and A2.4, respectively. 
The injection line is filled by water up to the valve V4 (injection valve). Such a change of 
the initial test conditions allowed the Coriolis flowmeter to work properly crossed by 
single phase flow (liquid) and also to reduce the low pressure air volume of the injection 
line in which the water evaporates. Therefore, the injection carried out by the valve V4 
aimed to improve the effectiveness of the LIFUS5/Mod2 facility regarding the execution 
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of the water-LBE interaction tests and data acquisition. The adopted SIMMER-III model is 
shown in Figure 3.28. 
Each test is also simulated by SIMMER-III code model shown in Figure 3.29, in which the 
low pressure air region in the injection line is neglected, aiming to demonstrate the 
influence of such an evaporation region. The obtained results prove the loss of information 
regarding the injection line pressurization and the inaccuracy committed in the prediction 
of the reaction tank pressurization by the model of Figure 3.29. 
The Coriolis and level meter provided delayed measurements in comparison to the 
injection valve opening instant, for all the analysed tests. Level meter data acquired 
inconsistent data, conditioned by the too fast water injection and backwards pressure 
waves propagation to the S2 tank. 
Table 3.7 reports the phases characterizing the pressurization transient in S1, S2 and 
injection line. 
The experimental and calculated pressure time trends of the test T#5 (A2.1 in the ENEA 
documentation [14]) are shown in Figure 3.57. BICs and transient phases are listed in 
Tables 3.5 and 3.7, respectively. 
The rupture of the cap occurs about 0.05 s after the injection start, as in the tests T#7 and 
T#8. It is due to the reduced free volume in the injection line (among V4, V3 and the 
injector) and the low sub-cooling of the injected water (18.3 bar and 200.6°C). Instead, test 
T#6 shows a higher lapse of time to achieve the injector opening. 
 
Figure 3.57: Calculated and experimental pressure time trends of the test T#5 
The SIMMER-III code predicts the pressurization of the injection line, before and after the 
cap rupture, in agreement with the experimental data, blue line in Figure 3.57. At almost 
t = 0.5 s the liquid single phase flow, highlighted by the blue pick of about 20 bar, occurs 
in the injection line. From this instant, the computed pressure in injection line is analogous 
to that of the tank S2, except for pressure drops of few bars. The measured data, instead, 
showed only two-phase injection (see Table 3.7). It entailed code overestimation of S1 
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pressurization during the transient phase, red and green line, but it was able to predict the 
experimental value of the pressure plateau. Moreover, SIMMER-III code is quantitatively 
able to simulate the pressure in S1 few bars higher than that in the injection line, see Figure 
3.57 after t = 1.5 s. 
The pressure time trends computed by the SIMMER-III model reported in Figure 3.29 are 
shown in Figure 3.58. Assuming the injection line completely filled by water the 
pressurization in the reaction tank is highly overestimated and the injection line 
pressurization is not simulated. 
Figure 3.59 shows that, differently from the first series of tests, the water injected (mainly 
vapour) reached the cover gas without bubble formation. The vapour moves upwards 
maintaining a relatively narrow jet and approaches the cover gas about 0.03 s after the cap 
rupture (t = 0.045 s). Then, the jet widens up to one third of the S1 radius for almost 0.3 s 
and returns to the original narrow shape. The absence of a large vapour bubble formation is 
due to the low amount of vapour injected. 
 
Figure 3.58: Calculated and experimental pressure time trends of the test T#5,  
without vacuum region in the injection line 
Figure 3.60 shows the kinetic energy of the water in the LBE (blue) and cover gas (red) 
regions. The instants at which the two time trends become higher than zero correspond to 
the water injection in the respective regions. Almost at t = 1 s the two terms of kinetic 
energy become about 0 J, being the injection stopped due to the pressure equalization of S1 
and S2. 
Figures 3.61 and 3.62 depict the energy components up to 0.2 s from the calculation start. 
The absence of the vapour bubble implies the consequent lack of oscillations of 
mechanical energy seen for T#1, T#2, T#3, T#4 and T#6. 
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Figure 3.59: LBE volume fraction and vapour evolution during the water interaction phase, 
calculated by SIMMER-III code 
 
Figure 3.60: Water kinetic energy time trends in the cover gas and LBE regions, T#5 
 
Figure 3.61: Mechanical energy, compression work and kinetic energy  
time trends in the cover gas region, T#5 
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Figure 3.62: Compression work and kinetic energy time trends  
in the reaction vessel S1, T#5 
The temperature time trends computed by SIMMER-III code show an experimental data 
prediction analogous to that obtained for test T#4. At level 1 the cooling effect of the 
simulated vapour jet anticipates, overestimates and is shorter than the experimental data, as 
in Figure 3.53. The model reasonably predicts the temperature of the central thermocouple 
of the second level, see Figure 3.63, but provides a uniform temperature time trend along 
the axis of the model as explained for test T#4. The numerical results show a delayed 
cooling effect (after t = 2.5 s) on the central TC at levels 2, 3 and 4, which is not measured. 
It is due to the evaporation of the water trapped in the injection line, occurring when the 
LBE falls down from S1 after the pressure equalization with S2. 
 
Figure 3.63: Experimental and calculated temperature time trends  
in the Level 2 of the test T#5 
Figure 3.64 shows the mass flow rate measured by the Coriolis flowmeter (red line) and 
level meter of S2 (black line) and computed by SIMMER-III code (blue line). The 
injection valve opening occurs at t = 0 s, but the Coriolis and level meter notice that about 
0.4 and 1 s later, respectively. The code, instead, shows an abrupt mass flow rate increase 
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that reaches a plateau of 1 kg/s and decreases to 0 kg/s at the instant in which the pressure 
in S1 equalize S2, t = 0.85 s. The integral values of the computed and measured by 
Coriolis and level meter injected water are 0.45, 0.24 and 0.14 kg, respectively. 
The SIMMER-III code provides consistent data with the boundary conditions of the test 
and with the injected mass computed in the other investigations. The performed measures 
by level device in some tests did not show a delayed measurement start, which, instead, 
affect the acquired data by Coriolis flowmeter of all 16 bar tests. 
The negative mass flow rate values means that after the pressure equalization the back 
flow is constituted by water as well as LBE. 
 
Figure 3.64: Mass flow rates and level measurement of the test T#5 
The experimental and calculated pressure time trends of the test T#6 (A2.3 in the ENEA 
documentation [15]) are shown in Figure 3.65. T#6 is performed injecting colder water, at 
a temperature of about 180°C (see Tables 3.5 and 3.7). 
SIMMER-III code predicts the pressurization of the injection line before the cap rupture in 
good agreement with the experimental data. Injecting about 20°C subcooled water from V4 
entails that the injection line is almost completely filled by liquid water at the cap rupture 
instant. As it is deducible by the blue pick of ~20 bar (liquid single-phase flow starts) close 
to that of ~14.1 bar, highlighting the cap rupture. 
Such a low amount of vapour along the injection line reduces the underestimation of the 
two-phase pressure drops along the line, stressed for the other tests. Indeed, this test shows 
the best prediction of the reaction tank pressurization (red line in Figure 3.65) of the 
overall THINS experimental campaign. 
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Figure 3.65: Calculated and experimental pressure time trends of the test T#6 
T#6 shows also a remarkable pressurization of S1, few bars higher than the pressure in S2 
that the code is able to simulate. The code qualitatively computes also the pressure increase 
in the injection line when the V4 is closed at the end of the test. It occurs about 2 s after the 
V4 opening. 
Figure 3.66 shows the numerical results obtained injecting water from the orifice at the end 
of the injection line filled by water, by the model of Figure 3.29. This model cannot predict 
the pressurization of the injection line, but it provides the S1 pressurization similar to that 
shown in Figure 3.65. It is coherent with the fact that liquid water is mainly injected into 
S1 and the two-phase flow in the injection line has a negligible influence. 
 
Figure 3.66: Calculated and experimental pressure time trends of the test T#6,  
without vacuum region in the injection line 
The lower evaporation occurring along the injection line and the consequent initial 
injection in S1 of a two-phase mixture having a low flow quality entails an initial injection 
of higher water mass flow rate than in the other tests of the series A2. It involves, 
therefore, the formation of a vapour bubble, which reaches the cover gas about 0.3 s after 
the cap rupture, as shown in Figure 3.67. 
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Figure 3.67: LBE volume fraction and vapour bubble evolution during the water 
interaction phase, calculated by SIMMER III code 
The water kinetic energy in the LBE and cover gas regions are depicted in Figure 3.68. 
The instants in which the mentioned time trends becomes higher than zero are coherent 
with the injection start (t = 0.275 s) and the vapour bubble reaching the cover gas volume 
(t = 0.57 s). The trends decrease to zero at about t = 1 s, when the injection ends, due to the 
zeroing of the pressure gradient between S2 and S1. 
 
Figure 3.68: Water kinetic energy time trends in the cover gas and LBE regions, T#6 
Analogously to the first series of tests the energy components shown in Figures 3.69 and 
3.70 have oscillating time trends. The magnitude and the frequency of which are similar to 
those computed in tests T#1 and T#4. 
The code predicts the temperature distribution in S1 similarly to the previous test. The 
calculated temperature time trends at the second level are shown in Figure 3.71. 
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Figure 3.69: Mechanical energy, compression work and kinetic energy  
time trends in the cover gas region, T#6 
 
Figure 3.70: Compression work and kinetic energy time trends  
in the reaction vessel S1, T#6 
 
Figure 3.71: Experimental and calculated temperature time trends  
in the Level 2 of the test T#6 
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The level meter starts to measure the water injection more readily than in the other tests 
(see Figure 3.72). It provides a total mass injected equal to 0.39 kg. The Coriolis flowmeter 
measures 0.25 kg of water supplied and a delayed mass flow rate time trend. The 
SIMMER-III code computes an integral water injected equal to 0.44 kg, showing a trend 
analogous to that of the other tests. 
 
Figure 3.72: Mass flow rates and level measurement of the test T#6 
Test T#7 was performed implementing higher cover gas volume. The ratio between the 
cover gas and LBE volume in S1 was equal to 40%. The experimental and calculated 
pressure time trends of the test T#7 (A2.2 in the ENEA documentation [16]) are shown in 
Figure 3.73. The results of the SIMMER-III code are in agreement with the injection line 
pressurization and overestimate the pressure time trend in the reaction tank. The pressure 
plateau in S1 (after t = 2 s) of about 18 bar and its higher value in comparison to the 
pressure of S2, of about 1 bar, are well predicted by the code. 
 
Figure 3.73: Calculated and experimental pressure time trends of the test T#7 
The test T#7 simulated by SIMMER-III code, adopting the injection line completely filled 
by water (model in Figure 3.29), provided, analogously to tests T#5 and T#8, a 
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pressurization of the reaction tank higher than that obtained with the model having low 
pressure air region downstream V4 (see Figure 3.74). 
 
Figure 3.74: Calculated and experimental pressure time trends of the test T#7,  
without vacuum region in the injection line 
The fast pressurization of the injection line (0.05 s to reach about 12.5 bar), due to the low 
subcooled water injected from V4, entailed, as described for the test T#5, the absence of 
the vapour bubble formation during the first instants of the injection into S1. 
Analogously to the previous tests, Figure 3.75 shows the kinetic energy in the cover gas 
and LBE of S1. 
The mechanical energy, the compression work and the kinetic energy in the cover gas and 
the compression work and total kinetic energy in S1 did not show oscillations, due to the 
vapour penetration through the LBE in S1 without vapour bubble formation as for test T#5. 
 
Figure 3.75: Water kinetic energy time trends in the cover gas and LBE regions, T#7 
The temperature time trends predicted by the code at the four levels are analogous to the 
other tests, overestimating the cooling along the axis of the model and anticipating the 
cooling of the first two ring of TCs to the first tenths of second of the transient. 
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Figure 3.76 shows the computed and measured mass flow rate and measured water level. 
As for the test T#5, the measured data are delayed in comparison with the injection start. 
The Coriolis flowmeter begin to measure water flow at about t = 0.4 s that corresponds in 
Figure 3.73 at a pressurization magnitude in S1 of about 4 bar. It reinforces the guess of 
delayed acquisition data. The injected mass is computed to be about 0.53 kg. It is coherent 
with the other simulations. Because, due to the higher cover gas of T#7, more water was 
necessary to reach a pressure in S1 equal to that in S2. The Coriolis and level meter, 
instead, provide 0.07 and 0.255 kg, respectively. 
 
Figure 3.76: Mass flow rates and level measurement of the test T#7 
Test T#8 (A2.4 in the ENEA documentation [17]) was performed imposing the same 
initial boundary condition of T#5 to investigate the effect of small changes in the water 
pressure and temperature of S2 on the main parameters characterizing the test. The 
experimental and calculated pressure time trends are shown in Figure 3.77. 
The obtained SIMMER-III results are very close to those of the test T#5. Differences are 
due to the delayed orifice opening instant (see Tables 3.5 and 3.7). 
 
Figure 3.77: Calculated and experimental pressure time trends of the test T#8 
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The experimental pressure time trend in the reaction tank shows slope changes coherently 
to the pressurization of the injection line. It appears less pronounced in T#5, in which one 
slope decrease and rapid recover occurs at about t = 1 s, see Figure 3.57. T#8, instead, 
shows a higher oscillating pressurization of the injection line that implies several pressure 
slope changes in S1 (green line) after t = 0.8 s, up to about t = 1.65 s. The overall S1 
experimental pressurization has an average slope lower than T#5. Therefore, the numerical 
results present higher S1 pressurization overestimation in comparison to test T#5. Also in 
test T#8 the pressure in S1 overcomes the injection line value by few bars and it is 
predicted by the code. 
Similarly to test T#5 and T#7 the vapour injected reaches the cover gas of the reaction tank 
without showing the onset of the vapour bubble. It implies the absence of the oscillations 
of the energy components. The kinetic energy time trends reported in Figure 3.78 are 
coherent in magnitude and timing with the other tests of the second series. 
The SIMMER-III code predicts for the Test T#8 analogous temperature time trends of that 
obtained for tests T#5 and T#6, as shown in Figure 3.79. 
Figure 3.80 shows that the water level decreases more promptly than in the test T#5, which 
has the same boundary conditions. The level difference yields a total mass injected equal to 
0.3 kg. The Coriolis flowmeter provides also in this case a delayed mass flow rate time 
trend, having an overall injection of 0.2 kg. The SIMMER-III code coherently to the other 
tests computes up to 0.9 s after the water injection start (S1-S2 pressure equalization) an 
injected water mass of 0.45 kg. Its time trend has a shape consistent with the other 
obtained results. 
 
Figure 3.78: Water kinetic energy time trends in the cover gas and LBE regions, T#8 
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Figure 3.79: Experimental and calculated temperature time trends 
 in the Level 2 of the test T#8 
 
Figure 3.80: Mass flow rates and level measurement of the test T#8 
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3.3 LEADER Project Activities 
The EC research agenda promoted the development of new generation fast reactors 
implementing closed fuel cycle. The European Lead Fast Reactor (ELFR) [18], evolution 
of previous design called ELSY [19], constitutes a promising configuration able to fertile 
conversion and actinides reduction, for both remote sites and central power stations. FP7 
LEADER [20] project dealt with the development of such a technology and was mainly 
based on previous achievements obtained during the 6
th
 FP of the EU in the ELSY project 
[21]. 
The ELFR configuration and the adoption of lead as primary coolant entailed a challenging 
design from the mechanical point of view, particularly due to seismic loads. This required 
the design of a primary system as compact as possible, implying large efforts on the 
component designs. The proposed configuration of the Steam Generator foresaw the 
adoption of short-height spiral-wound tube bundle (named Spiral Tube Steam Generator, 
STSG) with integrated mechanical pump coaxial with the SG (see Figure 3.81). The SG 
design focused on the mitigation of the postulated SGTR event, aiming to reduce the 
pressurization risk, the pressure waves propagation in the primary system, the rupture 
propagation to the boundary tubes and the vapour drag toward the reactor core. 
 
Figure 3.81: Spiral tube steam generator for ELFR (from 22) 
The SGTR scenario remains, however, a relevant safety issue for the adoption of such a 
concept of STSG. This concern was faced in the frame of LEADER project, in which an 
experimental activity was planned to investigate the postulated SGTR event in a relevant 
configuration for the STSG. 
The experimental activity was run in LIFUS5/Mod2 facility (see section 3.1), with the goal 
to assess: 
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 the damping of pressure waves in the bundle and through the outer perforated 
shell; 
 the loads on tubes near and far from the rupture and perforated shell; 
 the possible damage, if any, on the tubes surrounding the rupture; 
 the vapour expansion and cooling effect in the tube bundle; 
 the generation of high quality experimental data for the development and 
validation of codes to support the design and the safety analysis of innovative 
HLMFRs. 
In LIFUS5/Mod2 facility water was injected from S2 into S1, partially filled by LBE, in 
which a tube bundle was set. It was scaled down from the STSG configuration, on the base 
of the following rationale. The leaked peak water/steam flow rate calculated by 
ANSALDO NUCLEARE [23], in the STSG, was 15 kg/s for a cumulated amount of about 
1 kg in the first tenth of second and 3.4 kg in the first second. This value was not 
achievable in the LIFUS5/Mod2 facility due to the ½” sch.80 injection line, constituting a 
limiting parameter. The maximum experimental flow rate achievable during the first tenth 
of second was estimated to be no more than 50-60% of the reference value. Therefore both 
the flow areas of injector and among the tubes were reduced to about the 60% of the STSG 
design, aiming to obtain coherent velocity fields. 
The experimental campaign consist of three series of tests (B1, B2 and B3) oriented to 
investigate different leakage flow areas, respectively equal to 10, 50 and 100% of the 
higher flow area allowed by the injection line of LIFUS5/Mod2 facility (about 60% of that 
foreseen in STSG), as shown in. Table 3.8. 
Table 3.8: Test series and injector orifice diameters 
TEST SERIES Section [%] Section [mm
2
] Diameter [mm] N° of tests 
B1 10. 12.57 4 3 
B2 50. 62.21 8.9 3 
B3 100. 124.69 12.6 1 
The overall number of tests carried out is 7. Three runs were performed in the first and 
second series and 1 test in the third one. Each series had constant injector area, water 
pressure (secondary side of STSG works at 180 bar) and LBE temperature, low difference 
(~10°C) in water temperature were tested (see Table 3.9). On the base of the experience 
acquired in THINS investigations, the injection valve chosen was V4, aiming to acquire 
Coriolis data and reduce water evaporation along the injection line. 
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Table 3.9. FP7 EC LEADER project: test matrix 
E-BIC B1.1 B1.2 B1.3 B2.1 B2.2 B2.3 B3.1 
Interaction system S1 S1 S1 S1 S1 S1 S1 
LBE temperature [°C] 400 400 400 400 400 400 400 
Water pressure [bar] 180 180 180 180 180 180 180 
Water temperature [°C] 260 270 270 270 270 270 270 
Distance LBE free level-S1 top flange [mm] 130 130 130 130 130 130 130 
Lasting time of the injection valve on [s] 2 2 2 2 2 2 2 
Water injection penetration in S1 [mm] 300 300 300 300 300 300 300 
Injector orifice diameter [mm] 4 4 4 8.9 8.9 8.9 12.6 
Injection valve V4 V4 V4 V4 V4 V4 V4 
3.3.1 Test section 
LIFUS5/Mod2 implemented a new dedicated top flange of the reaction vessel S1, with 
penetrations designed on the base of LEADER test section peculiarities. It hosted (see left 
of Figure 3.82) 8 penetrations: 
 a 3" pipe connecting S1 to S3 (“A” in Figure 3.82); 
 a 1" gooseneck tube through which TCs and SGGs wiring mounted on the test 
section exit from S1; pouring a small amount of lead in the first bend, the isolation 
of S1 from the environment is guaranteed (“B” in the same figure); 
 two 3/8" tubes for connecting two KISTLER PTs; the former connected to the S1 
cover gas and the latter to the test section by ¼” tube (letters “E” and “F”); 
 an absolute pressure transducer connected to a ½” tube (“D”); 
 one ½" tube is adopted for connecting gas line cylinder for inerting operation of S1 
(“C”); 
 two ¼" tubes are implemented to pressurize and monitor the integrity of two series 
of tubes (6+6) of the bundle (“G” and “H”). 
The dump tank S3 was connected by a 3” tube to the S1 top flange for safety reason, due to 
the adopted higher water pressure and orifice diameter in comparison to THINS 
investigations. 
The top flange supported the LEADER test section vertically inserted in the reaction tank 
(see Figures 3.83 and 3.84). The test section has a cylindrical shape, it is characterized by a 
perforated shell (height 400 mm, inner diameter 155 mm) closed at the top and bottom by 
two tube plates (thickness of 20 mm ) that do not allow LBE upwards and downwards 
passage, as shown in Figure 3.83. The test section is inserted inside S1, at 570 mm of 
distance from the bottom of the S1 top flange. The injection tube penetrates into the test 
section from its bottom plate for about 100 mm. The injector orifice is covered by a 
protective cap, which is broken by the pressure of the water jet at the beginning of the 
injection phase. Therefore, the system shall be substituted at the end of each test. To ensure 
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that the cap rupture occurs at the scheduled pressure (180 bar), a notch is executed by the 
ENEA workshop (see right of Figure 3.82). Tests were carried out to calibrate the deep of 
the notch and, consequently, the value of the resisting section. 
 
Figure 3.82: View of S1 top flange with penetrations (left) and injectors with protective 
caps (right) 
The tube plates hold in position a bundle composed by 188 tubes, having external diameter 
of 18 mm and thickness of 1 mm. They are arranged around the injector (central tube in 
Figure 3.83) by 8 ranks of tubes with equilateral triangular pitch of 19.8 mm. The tubes are 
400 mm length that is equivalent to the distance between two spacer grids of STSG scaled 
down as the injector and tube pitch diameter. The tube thickness is reduced to 1mm in 
order to have larger mechanical effect during the injection and estimate conservatively the 
tube breaking strength. The cylindrical shell has 200 holes of 15 mm of diameter to 
provide a porosity of 10%, which will cause a pressure drop of 5kPa during the operating 
conditions of ELFR (see Figures 3.83 and 3.84). 
In the left of Figure 3.84 the tubes are differentiated by colours. The bundle is composed 
by 176 dummy tubes, 127 of which are opened at the top and bottom and filled with LBE 
of the pool (grey) and 49 closed with air at ambient pressure and temperature inside 
(white). The 6 green and 6 orange tubes are connected to two manifolds, respectively, and 
pressurized at 180 bar from above S1 top flange before the test execution, by penetrations 
"G" and "H" in Figure 3.82. It aims to monitor the tube integrity, by checking the pressure 
value at the end of each test, because the tube inspection could be performed only at the 
end of the experimental campaign. In the right of Figure 3.84 a view of the assembled and 
instrumented test section is shown. It is possible to note the ¼" tube used to connect the 
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internal side of the test section with fast pressure transducer installed on the S1 top flange. 
This tube goes inside the test section, passing through one hole of the perforated shell at 
210 mm from the bottom of the test section, until it almost get in contact with the outer 
rank of tubes. 
 
Figure 3.83: Sketch of the vertical section of interaction vessel and test section (left),  
3D view of the test section (right) 
 
Figure 3.84: Sketch of the horizontal section (Level A) of interaction vessel  
and test section (left) and view of the assembled test section (right) 
LBE free 
level
injector
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The instrumentation implemented on the test section, in addition to that of LIFUS5/Mod2 
facility described in section 3.1, is part of the acquisition system and is composed by 3 
pressure transducers, 70 low time constant thermocouples and 8 strain gauges. 
The PTs are set on the top flange, 2 PT are high temperature air-cooled KISTLER gauges 
measuring cover gas and inner test section pressure (by 1/4" tube in right of Figure 3.84), 
respectively. The third one is an absolute PT exposed to the S1 cover gas region. 
On the base of the gained experience during the THINS tests, the PTs acquisition 
frequency was increased from 1 to 10 kHz, aiming to measure a sufficient number of 
pressure data points for sampling clearly the first pressure peak occurring at the cap 
rupture instant. 
Two TCs are fixed on 28 selected tubes at two different levels: 200 mm above the bottom 
plate (Level A) and 100 mm higher up (Level B), for an overall number of 56 TCs. They 
aim to provide data about the fragmentation of injected water and the cooling effect of the 
generated vapour. The active tip protrudes in the LBE channel towards the centre of the 
test section in order to be invested directly by the jet of steam during the water injection. 
On each level 10 TCs have diameter of 0.5 mm (blue points in left of Figure 3.84) and 18 
TCs have OD 1 mm (red points in the same figure). The thinner ones are positioned in the 
centre of the bundle due to the higher sensibility at the temperature changes, the bigger 
TCs monitor the outer region. 
6 TCs are set on the inner surface of the perforated shell and fulfil the same task of the 
inner ones. 
8 TCs are positioned on a light plate at different axial position (see right of Figure 3.84) to 
provide a feedback during the LBE filling phase about the position of the liquid metal free 
level. All the TCs data were acquired at 50 Hz. 
The SGGs were adopted to characterize the strain of tubes at different radial position in the 
bundle and of the perforated shell, at axial position of Level A. 
6 SGGs were set on pressurized tubes (see black rectangles in left of Figure 3.84). They 
were welded on the outward tube side, in order to work in tensile conditions during the 
propagation of the pressure waves. 2 SGGs were set on the first rank in North-South 
direction. One was fixed on the same rank in North-East direction, it did not worked 
properly. 3 SGGs were positioned in East direction on the third, fifth and seventh rank, 
respectively, for investigating the pressure waves attenuation due to the bundle. 
2 SGGs were arranged on the outer surface of the perforated shell in North and East 
position, respectively. 
3.3.2 Injection line analysis by RELAP5/MOD3.3 and SIMMER-III code 
As shown in the THINS analysis, the injection line of LIFUS5/Mod2 facility seriously 
affected the capability of SIMMER-III code to predict the water/LBE interaction in S1. 
The injection line implemented valves and Coriolis flowmeter whose activation time and 
geometry was not exactly known. 
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Aiming to improve the SIMMER-III prediction capability in the framework of LEADER 
project, the RELAP5/MOD3.3 code [25] was adopted to better characterise LIFUS5/Mod2 
injection line. In particular a numerical sensitivity analysis was carried out aiming to 
define the Reynolds independent orifice energy loss coefficients (hereinafter referred to as 
K) and activation (opening) time of the valves and K and flowing area of the Coriolis 
taking as reference the experimental data of THINS test A1.2_1. Subsequently the selected 
parameters were refined in comparison to the experimental results of test A1.2_2. It was 
conducted at the end of the THINS campaign, having the initial-boundary condition of test 
A1.2_1, but injecting water from valve V4. Finally, the test A1.2_2 was simulated by 
SIMMER-III code and the injected water mass flow rate was compared to that computed 
by RELAP5/MOD3.3 code [25]. 
The RELAP5/MOD3.3 nodalization of the LIFUS5/Mod2 injection line is shown in Figure 
3.85. Pipe200 is the water tank S2 and Pipe235 is the injector line supporting the cap. The 
two vibrating tubes of the Coriolis are the pipes 215 and 216, in red in Figure 3.85. The 
model is composed by: 
 129 sub-volumes representing the hydraulic volumes of the pipeline (90-140 mm); 
 10 single connecting the hydraulic components; 
 3 motor valves, two representing the valve V14 and V4 installed in the plant and 
one simulating the injection cap; 
 2 time dependent volumes (TMDPVOL-100 and -240), representing the argon 
cylinder upstream the water tank S2 and the interaction vessel S1, respectively, 
aimed at imposing the boundary conditions of the calculation on the base of 
experimental data. 
The analysis is based on the experimental data of THINS test A1.2_1. The pressure taken 
as reference is measured in the injection line and compared with the calculated in the 
second cell of the pipe238 of the model (see Figure 3.85). The pressure time trends set in 
the TMDPVOLs as boundary conditions were measured in the cover gas of S2 and in the 
LBE melt in S1. 
Initially, 9 calculations were carried out by RELAP5/MOD3.3. Test "a" was taken as 
reference test and the other 8 calculations "b"-"i" were performed as single variant tests, 
selecting as parameters the opening time of the valves V14, the K parameter of valve V4, 
V14 and Coriolis and the Coriolis flowing area, as listed in Table 3.10. 
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Figure 3.85: RELAP5/MOD3.3 nodalization of water injection 
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The nine computed pressure time trends in the injection line are compared to the 
experimental ones of test A1.2_1 in Figure 3.86. The experimental value is bounded by 
tests "i" and "g", calculation "e" showed the best result. On the base of which the four 
parameters were refined and three simulations "j", "k" and "l", listed in Table 3.11, 
provided the pressure trends depicted in Figure 3.87. 
Table 3.10: Injection line parameters for sensitivity analysis by single variant tests 
# TVLV_OPENING [s] KV4 , KV14 KCORIOLIS ACORIOLIS 
a 0.25 7 0.5 9.06613e-05 
b 1 7 0.5 9.06613e-05 
c 0.1 7 0.5 9.06613e-05 
d 0.25 1 0.5 9.06613e-05 
e 0.25 70 0.5 9.06613e-05 
f 0.25 7 5 9.06613e-05 
g 0.25 7 10 9.06613e-05 
h 0.25 7 0.5 9.06613e-04 
i 0.25 7 0.5 9.06613e-06 
 
 
Figure 3.86: Sensitivity analysis of the injection line pressurization (test A1.2_1) 
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Table 3.11: Injection line parameters for sensitivity analysis by single variant tests 
# TVLV_OPENING [s] KV4 , KV14 KCORIOLIS ACORIOLIS 
j 0.25 10 10 9.07e-05 
k 0.25 20 10 9.07e-05 
l 0.25 10 10 4.53e-05 
 
Figure 3.87: Sensitivity analysis of the injection line pressurization (based on Table 3.11) 
Analogous sensitivity analysis was carried out on the base of Tables 3.10 and 3.11 for the 
test A1.2_2 and contributed to define the last parameters refinement, cases "m" - "q" listed 
in Table 3.12. On the base of which five RELAP5/MOD3.3 calculations were performed 
and the case "q" provided the most consistent outcomes with the experimental data of tests 
A1.2_1 and A1.2_2, as shown in Figures 3.88 and 3.89. 
Table 3.12: Injection line parameters for sensitivity analysis, last refining 
# TVLV_OPENING [s] KV4 , KV14 KCORIOLIS ACORIOLIS 
m 0.25 7 0.5 4.53e-05 
n 0.25 7 1 4.53e-05 
o 0.25 7 2 4.53e-05 
p 0.25 10 1 4.53e-05 
q 0.25 10 2.5 4.53e-05 
The calculated pressure time trends have relevance up to the instant of S1 and S2 pressure 
equalization (see black dotted line at about 1.7 s in Figure 3.90), because RELAP5 cannot 
simulate the LBE descent in the injection line following that instant. 
The results obtained appeared in agreement with the experimental pressurization of the 
injection line for both tests A1.2_1 and A1.2_2. These RELAP5 calculations allow a 
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numerical investigation of the two-phase flow formation for understanding the consequent 
pressurization of S1. 
Thus the quality formation in the RELAP5 model of test A1.2_2 is discussed. This test was 
selected because performed at the higher THINS pressure value and the injection valve V4 
was coherent to the LEADER tests. 
 
Figure 3.88: Experimental and RELAP5/MOD3.3 injection line pressure time trends  
of test A1.2_1, case "q" 
 
Figure 3.89: Experimental and RELAP5/MOD3.3 injection line pressure time trends  
of test A1.2_2, case "q" 
Pipe 225 and 227 (see Figure 3.85) were about completely filled by liquid water for the 
entire transient. Pipe 238 was initially filled by water and about 0.75 s from the injection 
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start the sub-volumes near pipe235 had a quality increase up to about 0.25. The pipe 235 is 
completely filled by water at about 0.75 s (see Figure 3.90, 235-01 indicates the first sub-
volume of pipe 235, connected to valve V4) from the injection start, then the void fraction 
increased slightly. The peaks after the S1-injection line pressure equalization have no 
physical meaning. 
 
Figure 3.90: Computed void fraction and Exp. and Calc.  
pressure time trends of test A1.2_2 
The injected water mass flow rates computed by RELAP5/MOD3.3 and measured by 
Coriolis, besides the pressure time trends in S1 and injection line, are shown in Figure 
3.91. It is possible to note a delayed acquisition of Coriolis flowmeter, in comparison to 
the pressurization of S1 (blue line) and, more evident, to the calculate flow rate (green 
line). This last one shows an abrupt initial increase up to the maximum value (~0.9 kg/s) 
followed by a milder descent interrupted by a main plateau at about 0.5 kg/s and becomes 
zero at the pressure equalization instant. This water mass flow rate time trend was 
qualitatively in agreement with those presented in section 3.2, but for a more appropriate 
comparison the test A1.2_2 was simulate by SIMMER-III code, implementing in the 
injection line the parameters resulting from the performed sensitivity analysis (case "q"). 
The SIMMER-III calculation domain of the LIFUS5/Mod2 facility, implementing an 
improved model of the injection line, is shown in Figure 3.92, in which the activation time 
of valves V4 and V14 and flow area of Coriolis were set coherently to the aforementioned 
case "q". 
Concentrated K parameters were set according to the outcomes of RELAP5/MOD3.3 
analysis considering the case "q" as reference. Analogous to SIMMER-III calculations in 
section 3.2, the friction losses were evaluated by equivalent concentrated pressure drops, 
107 
 
adopting K parameters based on the average velocity calculated at each junction of 
RELAP5 model. The limitation of this approach is that the equivalence is evaluated for 
single phase liquid. Thus, Lockart-Martinelli coefficients used in RELAP5 for two phase 
pressure drops are neglected. 
 
Figure 3.91: Calculated and experimental (A1.2_2) injected water mass flow rate  
and pressure time trends 
 
Figure 3.92: Improved SIMMER-III model of LIFUS5/Mod2 facility 
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The experimental and calculated pressure time trends in the injection line and reaction tank 
are depicted blue, red, green and black, respectively, as shown in Figure 3.93. The 
injection started at t = 0 s. The pressure calculated in S1 after an initial peak increased up 
to about 37 bar with a constant slope and a jagged profile up to about 0.4 s. Observing the 
experimental data trends, a two-phase mixture is injected up to 1 second. It is connected 
with the lower slope and the jagged trend of S1 pressure trend. On the opposite, the 
simulation predicted the injection line full of water at about 0.6 (when the pressure in the 
injection line, green profile, increases abruptly at about 0.6 s) and underestimated the two-
phase pressure drop, considering the modelling approach discussed. 
After 1 s the measured pressurization increased at the same rate of the code simulation, 
confirming the single liquid phase flow. The pressure trend predicted by the code in the 
injection line is in agreement with the experimental data during the overall transient, up to 
the equalization. 
After reaching a peak of about 43 bar, the experimental trend settles with the pressure of 
the injection line at about 41 bar. At the end of the transient the code predicts a pressure 2 
bar higher than the experiment. This is connected with a larger water injection predicted in 
the simulation. The error should be accumulated during the first part of the transient, when 
the code underestimates the two phase pressure drops and anticipates liquid phase 
injection. 
 
Figure 3.93: Calculated and experimental pressure time trends of test A1.2_2 
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Figure 3.94 shows the comparison between the mass flow rate calculated by SIMMER-III 
(in red) and that calculated with RELAP5/MOD3.3 (in black). The results are similar. 
SIMMER-III had a larger initial peak (1.2 kg/s versus 0.9 kg/s). After, the mass flow rate 
showed a plateau, as for the pressure in S1. Finally, water flow rate decreased when the 
pressure difference between the injection line and S1 disappeared. Differences are 
connected with the modelling: in SIMMER-III the pressure downstream the injection 
device is calculated by the code, whereas the experimental data was imposed as boundary 
condition in REALP5 calculation. The total amount of water injected in both simulations is 
comparable and equal to 0.71 and 0.77 kg in RELAP5/MOD3.3 and SIMMER-III, 
respectively. The overall injection mass of water measured by the Coriolis flowmeter was 
0.45 kg. According with these results (see also Figure 3.91), it is considered that the 
Coriolis flow meter underestimated the total amount of water injected and the parameter of 
the injection line identified as case "q" are suitable for the injection line modelling. 
 
Figure 3.94: Computed water mass flow rate by RELAP5/MOD3.3  
and SIMMER-III codes 
3.3.3 Experimental results and SIMMER-III validation 
The overall tests of LEADER experimental campaign were carried out with initial 
conditions in agreement with the designed ones, as listed in Tables 3.13 and 3.14 for 4 mm 
and higher orifice diameters, respectively, in which also transient and final conditions are 
presented. 
An unexpected phenomenon occurred in all 7 tests. At the opening instant of the injection 
valve (V4) the injection line was pressurized up to about 180 bar in few tenth of a second, 
but the cap rupture occurred with a significant delay, seevTables 3.13 and 3.14 for each 
test. 
110 
 
It affected significantly the first test performed (B1.1), being unexpected, because the 
closure of valve V4 occurred before the cap rupture and a small amount of water remained 
trapped between V4, V3 and cap (see Figure 3.3 section 3.1). This small quantity of water 
was injected in S1. Moreover, during the lapse of time between the valve closure and the 
cap opening, in the upper part of the injector tube, protruded inside S1 and immersed in 
LBE at 400°C, vapour was produced and the pressure in the closed line reached the PT full 
scale (about 210 bar). 
This small injection and overpressure was avoided in the other six tests (B1.2 – B3.1) 
maintaining the injection valve opened allowing the volume expansion in the cover gas of 
the water tank. 
The reason of the delayed cap rupture was attributed to the cap (made of brass) ductility in 
contact with liquid metal at 400°C. During the preparation of the LEADER campaign, dry 
tests were carried out to define the notch depth on the protective cap that would have 
procured the rupture at about 180 bar. Probably, the cap did not reach 400°C, because the 
tests were successfully performed and the rupture occurred promptly. 
 
111 
 
Table 3.13: Initial conditions of the LEADER tests with injector orifice diameter of 4 mm 
LEADER orifice diameter 4 mm  B1.1 B1.2 B1.3 
Parameter Unit Design Actual Design Actual Design Actual 
SYSTEM S1 
P @ SoT bar 1 2.13 1 2
(4)
 1 2
(4)
 
TLBE @ SoT °C 400 402 400 403 400 40.3 
LBE LVL (from test section top flange) mm 0 10-20 0 10-20 0 60-70 
P peak @ injector cap rupture bar -- 30.28 -- 24.7 -- NO 
Ratio between Ppeak and Pinjection_line @ injector 
cap rupture 
-- -- 0.142 -- 0.14 -- -- 
P peak due to vapour expansion
 
bar -- 10 -- 26.8 -- 27.9 
P @ EoT bar -- 3.6 -- 9 -- 8.5 
SYSTEM S2 
P in gas line @ SoT bar 180 174 180 178.15 -- 178.7 
P @ SoT bar 180 174 180 178.26 40 178.4 
T @ SoT °C 260 262 270 269 240 273.6 
LVL @ SoT mm -- 1098 -- 928 -- 1311 
Min. P during injection bar -- --
(1) 
-- 119.5 -- 109.6 
P @ EoT bar 180 172 180 161.7 40 161.7 
T @ EoT °C 260 261 270-- 267 240 272.2 
LVL @ EoT mm -- 1050 -- 53 -- 330 
Mass of water injected kg -- 0.25
(2) 
-- 5.7
(2)
 -- 6.8 
SYSTEM S3 
P @ SoT bar 1 2.13 1 2
(4)
 1 2
(4)
 
T @ SoT °C 150 146 150 148   
INJECTION SYSTEM - valve V4 
Injection time s 2s or Peq
(5) 
2 S2L
(3)
 or Peq
(5) 
Peq PS1 or PS3
 
PS3 
Time of injection valve opening s -- 0 -- 0 -- 0 
Time of injection valve fully closed ms -- 2260 -- 45.6 -- 49.56 
Injector cap rupture Pressure bar -- 212 -- 176.5 -- 128.8 
Time of injector cap rupture s -- 16.2 -- 40.59 -- 44.17 
  
(1)
  Cap rupture occurred after V4 closure  
(3)
  Low level in S2  
(4)
  Not acquired, estimated on the basis of test B1.1 
  
(2)
  Measured with flowmeter  
(5)
  Pressure equalization between S3 and S1, aiming to protect flowmeter from LBE reverse flow 
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Table 3.14: Initial conditions of the LEADER tests with injector orifice diameter of 8.9 and 12.6 mm 
LEADER orifice diameter 8.9 and 12.6 mm   B2.1 B2.2 B2.3 B3.1 
Parameter Unit Design Actual Design Actual Design Actual Design Actual 
SYSTEM S1 
P @ SoT bar 1 2
(4)
 1 2
(4)
 1 2
(4)
 1 2
(4)
 
TLBE @ SoT °C 400 403 400 404 400 403 400 403 
LBE LVL (from test section top flange) mm 0 10-20 0 10-20 0 10-20 0 10-20 
P peak @ injector cap rupture bar  32.1  129.3  209.2  21.7 
Ratio between Ppeak and Pinjection_line @ injector cap rupture --  0.18  0.71  1.16  0.13 
P peak due to vapour expansion
 
bar/s -- 48 -- 53 -- 46 -- 50.37 
P @ EoT bar -- 6.8 -- 7.5 -- 7.8 -- 8.7 
SYSTEM S2 
P in gas line @ SoT bar -- 174.4 -- 181. -- 175.5  180.7 
P @ SoT bar  173.87  180.4  174.6  180.4 
T @ SoT °C  274.1  272.3  272.7  273.2 
LVL @ SoT mm  1132  1451  1281  1296 
Min. P during injection bar  99.2  113  115  101.2 
P @ EoT bar  157  163  160.1  157.7 
T @ EoT °C  265.4  269.9  271.2  272.2 
LVL @ EoT mm  107  481  321  391 
Mass of water injected g -- NA
 
-- NA -- NA -- NA
 
SYSTEM S3 
P @ SoT bar 1 2
(4)
 1 2
(4)
 1 2
(4)
 1 2
(4)
 
T @ SoT °C  148  146  148  149 
INJECTION SYSTEM - valve V4 
Injection time s PS3
(5) 
PS3
(5)
 PS3
(6) 
PS3
(6)
 PS3
(6) 
PS3
(6)
 PS3
(6) 
PS3
(6)
 
Time of injection valve opening s -- 0 -- 0 -- 0 -- 0 
Time of injection valve fully closed ms -- 39.15 -- 25.97 -- 47.12 -- 34.96 
Injector cap rupture Pressure bar -- 175.11 -- 182.3 -- 180.7 -- 169.33 
Time of injector cap rupture ms -- 36.62 -- 23.41 -- 43.98 -- 32.36 
  
(1)
  From injector cap rupture to pressure equalization  
(3)
  NA = not acquired 
(4)
  Not acquired, estimated on the basis of test B1.1 
  
(2)
  Measured with flowmeter  
(5)
  Pressure in S3 equal to 3 bar 
(6)
  Pressure in S3 equal to 2 bar 
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The three investigations of the first series are characterized by the occurrence of different 
events as reported in Table 3.15. 
Table 3.15: Injector orifice of 4 mm, main events and timings  
LEADER injector orifice of 4 mm 
Test event Unit B1.1 B1.2 B1.3 
Number of phases characterising the test  3 4 4 
phase one (P1) 
Event @ SoP1  A A A 
Time of event @ SoP1 s 0 0 0 
Time of injection line pressurization start s 0 0 0 
Event @ EoP1  B C C1 
Time of event @ EoP1 s 2.53 40.5921 11.09 
phase two (P2) 
Event @ SoP2 s B C C1 
Event @ EoP2  C D C 
Time of event @ EoP2 s 16.2 40.6071 44.17 
phase three (P3) 
Event @ SoP3  C D C 
Event @ EoP3  E B B 
Time of event @ EoP3 s 27.52 45.75 49.56 
phase four (P4) 
Event @ SoP4  -- B B 
Event @ EoP4  -- E E 
Time of event @ EoP2 s -- 70.64 74.42 
(1
) single liquid phase injection is not reached, only two-phase injection 
A injection valve (V4) opening 
B injection valve (V4) closure 
C cap rupture and S1 pressurization start 
C1 cap partial rupture, slow S1 pressurization start 
D end of first pressure peak in S1 
E end of transient 
 
The first test B1.1 can be analysed dividing it in three phases. During phase one (see 
Tables 3.13 and 3.15) after the injection valve opening the pressure in the injection line 
rose rapidly, reaching an initial peak of about 210 bar, full scale of the dynamic transducer 
and, then, begins to oscillate as shown by blue line in Figure 3.95. In this figure the 
pressure transducers implemented in S1 are called as –S1V-, -S2L- in the injection line and 
analogously for those set in S2 and S3. The high initial peak and the subsequent 
oscillations are probably due to phenomena of flashing and condensation inside the closed 
injection tube. In this phase the water temperature in the injection line is below the 
saturation value. In the second phase the pressure increase in the closed injection line due 
to the contact with LBE at 400°C inside S1. The full scale of the instrument is reached (see 
blue line plateau in Figure 3.95) of about 212 bar. The water at the cap rupture instant had 
reached thermo-dynamic conditions close to the critical point. The third phase is 
characterized by the water/LBE interaction. When the cap rupture occurs the injection line 
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pressure decreased rapidly to about 50 bar and a narrow pressure peak was measured by 
the PT in contact with LBE (PT-S1V-01, -02, -03 and -04), see Figures 3.96 and 3.97. It 
was due to the water hammer and pressure wave propagation at the cap rupture instant. 
The PT connected to the cover gas and to the tube entering the perforated plate (having 
argon in the higher part), PT-S1V-05 and -08, respectively, did not measured oscillation 
due to the damping effect of the cover gas. 
 
Figure 3.95: Pressure time trends of test B1.1 in injection line, S1 and S3  
A second peak was observed (see Figure 3.96) due to the expansion of water and steam in 
S1. At end of transient, the pressures measured in S1 and S3 are stabilized at about 3.6 bar. 
The initial temperature of the melt is 402°C. However, the temperature trends of ranks 2 
and 3 highlighted a slight reduction before the cap rupture. A possible reason is a small 
loss of water due to a microcrack, which might explain the delayed rupture of the injector’s 
cap. When water entered in S1, there was an abrupt decrease of temperature which is 
damped moving away from the centre of the test section. At the end of the transient all 
thermocouples settle to the starting value of about 402°C. It should be mentioned that 
during the test B1.1, 4 thermocouples surrounding the injector were damaged. The inner 
surface of the perforate plate and S1 were not affected by temperature decrease. 
 
t= 16.05 [s]
Rupture of the cap
Injection time
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Figure 3.96: Pressure time trends in S1 and S3 
 
Figure 3.97: Zoom of the first pressure peak in S1 
The measured strain is lower moving away from the centre of the test section, in radial 
direction, from about 500 μm/m in the second rank to about 250 μm/m measured in the 
seventh rank. The two strain gauges installed on the external surface of perforated plate, 
measured a deflection equal to about 41 μm/m. The strain set on S1 acquired a peak at the 
Rupture of the cap
t=16.05 [s]
30.28 [bar]
30.28 [bar]
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cap rupture instant of about 20 μm/m. In the THINS high pressure tests at the same instant 
the strain peak measured on the internal surface of S1 was equal to 10 μm/m. Whereas the 
highest injection pressure set for the LEADER tests, such a low strain values measured on 
the inner surface of S1 is comparable with the values achieved in THINS tests. This 
indicates a possible dumping of pressure waves by the tube bundle and by perforated plate 
of the test section. This observation will be further investigated, and it may be relevant to 
carry out evaluation of structures outside SG shell during a SGTR event. Another outcome 
is the structural integrity of pressurized tubes surrounding the injector, as demonstrated by 
their internal pressure at end of the test (180 bar). 
The overpressure in the injection line during phase two was investigated by 
RELAP5/MOD3.3 code aiming to identify the reason of such a higher value. The RELAP5 
model presented in Figure 3.85 was upgraded implementing thermal structures modelling 
the upper part of the injection line inside S1 in contact with LBE at 400°C and passing 
through a pipe heated by heating cable (see Figure 3.98). 
 
Figure 3.98: Thermal structures implemented in the RELAP5/MOD3.3 model 
Boundary and initial conditions were implemented according with the available 
experimental data. The trend obtained by the simulation (red line in Figure 3.99) confirmed 
the correct operation of the pressure transducer and the preliminary assumption on the heat 
transfer at the origin of the pressure increase. It may be argued that the final pressure value 
in the experiment is higher than 212 bar calculated by RELAP5/MOD3.3 accordingly with 
the pressure measurement. 
New volume
New volume
Thermal structures Thermal structures
117 
 
 
Figure 3.99: Experimental and calculate pressure time trend in the injection line 
The post-test analysis of test B1.1 was carried out by the SIMMER-III code. The LEADER 
configuration of LFUS5/Mod2 facility was modelled on the base of the THINS model 
shown in Figure 3.92 that implemented the upgraded injection line nodalization. 
The calculation domain is composed of 20 radial and 76 axial cells (see Figure 3.100). 
LBE is represented in red, the water in blue, the argon and air (cover gas) in white, the 
non-calculation regions in light green and the metallic structures of the test section (tube 
bundle, top and bottom plates and perforated shell) in black. Thermal structures (black can 
wall at constant temperature of 400°C) were implemented in the upper part of the injection 
line to simulate the heat that water in the closed injection line received from LBE and 
heating cables. 
The water systems (S2 and the water injection line) were maintained as in THINS 
modelling. The model of the test section has a complex structure and the pipe 3” sch.160, 
connecting S1 with S3 is simulated with an inner radius slightly reduced due to the 
constraints imposed by the dimensions of the grid. 
The height of the connecting tube is preserved, but the horizontal part is not simulated 
because it would origin distortions in the dynamic of the transient due to modelling 
constraints imposed by the limit of the code to work in axisymmetric. The modelling is 
therefore based on imposing equivalent concentrated pressure drop of all tubing in the 
vertical section. S3 is implemented preserving the volume, but changing the area and 
height. 
212 bar
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Figure 3.100: SIMMER-III model of LIFUS5/Mod2 facility in LEADER configuration 
The SIMMER-III simulation of test B1.1 was performed thanks to the support of 
RELAP5/Mod3.3 code. Indeed, a transient of 16.05 s needed to reach the cap rupture was a 
too long transient to be simulated by SIMMER-III. Therefore, the initial thermal-
hydraulics conditions were defined by RELAP5/Mod3.3 calculation shown above and 
implemented in SIMMER-III model as BICs. SIMMER-III simulation starts with the 
rupture of injector cap. 
The part of water injection line between valve V4 and the cap is divided into four regions 
(see Figure 3.101) having the following thermo-hydraulic conditions: 
I. Single phase water at 210.5 bar and 260°C; 
II. Single phase water at 210.5 bar and 307°C; 
III. Two phase mixture at 210.5 bar with a title value of 85% and 
a. Single phase water at 352°C; 
b. Single phase vapour at 402°C. 
IV. Single phase vapour at 210.5 bar and 402°C. 
LBE
Argon/Air
Steel/Can wall
No calcolation region
Water
S3
S1
S2
water injection line
V4
LEADER test section
Coriolis flow meter
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Figure 3.101: BIC for water injection line before cap rupture in SIMMER-III calculation 
The transient starts when the injection cap is broken with the valve V4 closed. The 
injection orifice has a diameter equal to 4 mm, simulated with the opening of a virtual wall 
of the same size. 
The simulation is focused on the pressure trend in S1. The propagation of the pressure 
wave and the rapid evaporation, it is the parameter that might affect the integrity of 
surrounding structures and therefore of interest from safety point of view. The achieved 
result is shown in Figure 3.102. 
The transient starts with an abrupt pressure spike in LBE. The code simulates the measured 
pressure peak with an excellent accuracy (see Figure 3.103). This is an encouraging results 
considering that the initial and boundary conditions of this test are better defined than in 
any other LIFUS5 test. 
Then, the liquid water evaporates causing a second pressure increase and pushing the LBE 
toward the dumping tank S3. The simulation shows a good agreement with the 
experimental data up to 0.3 seconds (point A in Figure 3.102). Indeed, the calculated 
pressure continues to increase, while the experimental data reach the maximum value of 
about 10 bar at 0.45 seconds from the beginning of the transient (point B). The 
experimental pressure measured at end of the transient is stabilized at 3.6 bar. On the 
contrary the maximum pressure simulated by SIMMER-III is 14 bar achieved in delay, 
whereas the final pressure is about 4.1 bar. 
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Figure 3.102: Calculated by SIMMER-III and experimental pressure time trends 
The different pressure trends could be explained by two main reasons: 1) modelling 
performances (i.e. overestimation of pressure drop) of pipe connecting S1 with S3, as 
already discussed, and above all to the presence of stopper of LBE in the line and between 
the top flange of the test section and the main vessel S1; 2) larger mass inventory of water 
entrapped in the injection line before the rupture of the cap. The second reason might be 
connected with the presence of few non-condensable gases in the injection line and with 
the higher average temperature of water at beginning of the transient. 
The calculated pressure trend, before the stabilization lasted about 0.5 seconds more than 
in the experiment. 
0 0.45 0.95 1.45 1.95
Cap rupture
Time [s]
A
B
C
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Figure 3.103: Zoom of the first pressure peaks 
3.4 Considerations on the steam explosion occurrence in the 
performed tests 
Based on the literature review reported in section 2, the ambient pressure in which the 
water-LBE interaction could occur is a key factor discriminating the energetic interaction, 
steam explosion (SE), from the not explosive film boiling heat transfer regime. The 
threshold value below which SE was detected is about 2 bar for water drop poured into 
LBE melt. This condition is rather simplified in comparison to that occurred in the 
performed THINS and LEADER tests. Indeed, the vapour film formed around a single 
water drop, immersed in hot LBE, is in more stable conditions than the vapour layer of the 
jet entering in the reaction tank of LIFUS5/Mod2 facility. In this latter configuration, the 
vapour is in contact with LBE and slowed down by friction forces, instead the liquid water 
does not feel such a friction and tends to escape from the vapour determining direct CCI. 
In the light of the studies of Abdulla et al. [23], considering that increasing mass flow rate 
of water injected in HLM the stabilizing pressure increases, it is possible to deem that the 
pressure threshold for the THINS and LEADER conditions was higher than 2 bar. Abdulla 
et al. [23] did not quantify the increasing of the pressure threshold with water mass flow 
rate and such quantification remained unknown. It is reasonable to assume that the initial 
ambient pressures of the reaction tank in THINS and LEADER tests, equal to about 2 bar, 
were low enough to allow the energetic CCI. It is however an assumption not confirmed by 
data. 
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It is also necessary to analyse the interface temperature of the interacting liquids. The tests 
were performed with LBE temperature of 400°C, the literature review showed that this 
value for impinging water drop and jet provided SE at atmospheric pressure, this value was 
indeed within the TIZ. The water temperature adopted in the SE investigations, for 
defining the TIZ, ranged from about 10 to 100°C (saturation at ambient pressure) and was 
well lower than that of the water injected into S1, ranging from 180 to 240°C. The 
interface and homogeneous temperatures in THINS conditions, computed on the basis of 
equation 2.1 and 2.2, are listed in Table 3.16. 
Table 3.16: BIC and homogeneous nucleation and interface temperatures of THINS tests 
 
Test 
T LBE 
[°C] 
P LBE 
[bar] 
P H2O 
[bar] 
T H2O 
[°C] 
T Hom 
Nucl 
[°C] 
T Inter 
Face 
[°C] 
T
H
IN
S
 
4
0
 b
a
r 
Test A1.1 401.3 1.6 40.1 242.8 323.77 359.6 
Test A1.2_1 402.5 2.1 40.5 240.7 323.87 359.90 
Test A1.2_2 400.1 2.4 43.8 242.7 324.71 358.67 
Test A1.3 398.8 1.8 42.4 206.6 324.35 347.29 
Test A1.4 401.8 2.1 43.3 245.9 324.58 360.86 
T
H
IN
S
 
1
6
 b
a
r 
Test A2.1 401.3 2.4 18.3 200.6 318.20 347.45 
Test A2.2 399.6 2.3 17.7 199.1 318.04 345.75 
Test A2.3 400.5 2.1 16.5 183.4 317.73 341.84 
Test A2.4 399.8 2.2 18.3 199.4 318.20 345.98 
The interface temperatures, TINT, appear higher than the homogeneous nucleation ones, 
THN, but the dynamics of the interaction in THINS condition is different from that in the 
experiments on the basis of which the necessary condition for SE (TINT>THN) was 
validated. Indeed, in the THINS tests the water at high pressure flashed and mainly vapour 
entered in the liquid LBE. In the experiment reviewed in section 2, instead, the 
vaporization of the liquid water is due only to the heat exchanged with LBE. 
The LEADER tests injected water at higher pressure and temperature (180 bar, 270°C). 
In conclusion, it is necessary to observe that the BIC of the performed tests are not directly 
comparable with the tests adopted to define the TIZ in literature. Based on the above 
consideration and the experimental initial pressure peak of 21.9 bar measured in test A2.1 
(9.3 bar higher than the pressure in the injection line), it is reasonable to suppose that an 
energetic CCI could be occurred. However, only dedicated experimental campaigns could 
clarify the occurrence of steam explosion in the THINS and LEADER BICs, investigating 
TIZs at higher water pressure and flashing water in liquid metal. 
3.5 Gaps and weaknesses of SIMMER-III code 
The performed modelling by SIMMER-III code of LIFUS5/Mod2 facility, for simulating 
the water-LBE interaction scenarios experimentally investigated in the framework of 
THINS and LEADER projects, showed three main code limitations linked to the prediction 
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of the two-phase pressure drops along the injection line, water jet evaporation and 
fragmentation in the reaction tank and steam-LBE slip ratio. The first of which was put in 
evidence by the overestimation of S1 pressurization in THINS tests having higher 
evaporation along in the injection line and by pressurization in agreement with 
experimental data for tests with almost liquid single-phase flow in the supply line. The 
second and third mentioned code limitations were faced in THINS tests due to the wider 
and slower cooling effect of the jet on the TCs set on the support frame and in LEADER 
test due to higher quantity of LBE pushed by the vapour from the reaction tank into the 
dump tank. 
The performed tests provided detailed and reliable experimental data, based on well-
defined BICs, useful to be adopted as reference to modify, calibrate and validate the 
SIMMER-III models for improving code capabilities regarding the faced issues and other 
topics relevant for HLMFRs. 
3.6 Main outcomes and outlooks 
The THINS experimental campaign provided high quality data, based on well-defined 
BICs, for thermohydraulic characterization of the water-LBE interaction occurring 
injecting water at 16 and 40 bar, from 180 to 240°C, into a small pool of LBE at higher 
temperature, 400°C. The measured pressure, temperature, strain, water level and mass flow 
rate time trends constitute a unique large database. These data are useful to improve the 
knowledge of the phenomena and in particular to characterise the initial peaks formation, 
the following jet expansion and fragmentation, the transient and final pressurization of the 
closed reaction tank. The performed tests did not give evidence of steam explosion 
occurrence. The high first peak measured in test A2.1 by one PT is not enough to consider 
the presence of SE and also the literature data on SE cannot be directly correlated to the 
THINS runs. Therefore, the SE occurrence due to SGTR events in HLMR conditions 
should be investigated in dedicated experiments. 
Regarding the high pressure runs, the higher initial pressure peaks occurred in S1, at the 
cap rupture instant, were measured by PTs whose positions were apparently random. 
Instead, about the low pressure tests, the initial higher pressure peaks were measured by 
PTs set in the lower position, nearest to the injector. It puts in evidence the different 
dynamics of the water-LBE interaction at the two investigated injection pressures. The 
reaction tank pressurization gradient provided clear information about the single- or two-
phase flow entering into S1. The pressurizations of S1 at the end of transients approached 
the pressure value of the water tank. The prediction of the reaction tank pressurization by 
SIMMER-III code was affected by the evaluation of the pressure drops along the injection 
line. The simulations of the injecting water at lower temperature and from V4 (lower 
evaporation in the injection line) showed a good agreement with the experimental data. 
Instead, SIMMER-III underestimated the two-phase pressure drops along the supply line in 
the tests injecting water from V14 and at lower subcooled conditions. It entailed a higher 
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quantity of water entering in S1 and consequently SIMMER-III overestimate the S1 
pressurization time trends. 
The temperature time trends measured by TCs set on the support frame in S1 showed a 
narrow water jet (60 - 100 mm of diameter around the axis of injector) that affected mainly 
the first rank of TCs at the first two levels and fragmented above, providing a lower and 
wider cooling effect at the third and fourth levels of TCs. The jet dynamics was not 
properly predicted by SIMMER-III code, mainly due to the difficult simulation of the 
fragmentation and vapour-LBE slip ratio. 
The LEADER experimental campaign, in addition to providing unique high quality data 
about the water-LBE interaction for different injector orifice diameters for STSG of ELFR, 
was able to clarify that the domino effect did not occur in the conservative (lower tube 
thickness) relevant conditions adopted in the experiments. It constitutes a unique 
engineering feedback for designer of STSG.  
The detailed and reliable experimental database, produced by THINS and LEADER 
experimental campaigns, allows codes/models development and validation for improving 
numerical analysis oriented to support the design of innovative HLMFRs. 
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4 Experimental campaign design for SGTR investigation in 
CIRCE facility 
In the framework of MAXSIMA [1] project, the design of a large-scale Test Section (TS), 
aiming to experimentally investigate the postulated Steam Generator Tube Rupture 
(SGTR) event in a relevant configuration for Primary Heat eXchanger (PHX) of Gen IV 
MYRRHA reactor [2][3], was carried out. The TS will be implemented in the large pool 
CIRCE facility, at ENEA CR Brasimone. 
The pressurization transients of CIRCE vessel and the sizing of the discharge lines and 
relative rupture disks were numerically predicted by SIMMER-III code on the base of a 
preliminary simplified configuration of the TS. These numerical results were taken as 
reference to support the design of the TS. Finally, a detailed pre-test analysis was carried 
out adopting the SIMMER-IV code. 
The description of the TS and choices at the base of its design are detailed. The TS is 
oriented to perform 4 SGTR tests, injecting water at 16 bar and 200°C into LBE pool at 
350°C with a cover gas of argon at about 1 bar, and experimentally acquire redundant data 
about the pressure wave propagation effects on the tube bundle, domino effect, main vessel 
pressurization and safety systems effectiveness (rupture disks) and pollution production. 
The implemented instrumentation, composed by thermocouples, pressure transducers, 
bubble tubes, strain gauges and flow meters, is described in detail. 
4.1 Facility description 
The CIRCE facility is located at ENEA research centre of Brasimone, Italy. It was 
originally designed to operate with lead-bismuth eutectic alloy and verify the key operating 
principles of the LBE-cooled concept of an 80 MWth Experimental Acceleration-driven 
System (XADS) [4]. CIRCE [5] consists of a full-height reduced diameter cylindrical 
vessel, 1:5 in comparison to the XADS vessel diameter. The main topics, the investigation 
of which motivated the CIRCE construction, are constituted by the LBE natural 
circulation, LBE coolant enhanced circulation by gas injection system, thermal-hydraulic 
characterization of the fuel assembly, thermal-hydraulic behaviour of the target unit, 
performance of the secondary loop, instrumentation immersed in LBE and material 
corrosion in the pool with flowing LBE of controlled dissolved oxygen activity. The SGTR 
event, faced in this work, constitutes a hazardous issue for HLMFRs to be taken into 
account. 
An isometric view of the facility is shown in Figure 4.1. It is composed by three main 
vessels: the largest LBE pool worldwide S100 in which the experiments are carried out, the 
storage tank S200 that hosts the whole amount of LBE when the facility is not operational 
and the small intermediate vessel S300 that is adopted during the filling and draining 
phases of S100. 
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Figure 4.1: Overview of the CIRCE facility (from [5]) 
During the filling phase of S100, the LBE is gradually transferred by gravity from S200 to 
S300, and then the S300 cover gas is pressurized to provide the suitable pressure head 
needed to drive LBE into S100. 
The main tank S100 is made of AISI 316L. The bottom and cylindrical shell (without the 
cover) have an overall height of 8500 mm, the external diameter and the thickness are 
1200 and 15 mm, respectively. The maximum LBE inventory is almost 90000 kg, the 
foreseen available amount of LBE for the MAXSIMA experimental campaign execution is 
about 70000 kg. 
A system of heating cables, having an electric power of ~50 kW, is placed externally the 
S100 vessel and is able to maintain the LBE melt above 300°C. 
CIRCE S100 is designed to host different test sections hung to the cover vessel. In the 
framework of MAXSIMA project, a new cover vessel was built to support the dedicated 
test section aiming to characterize the SGTR event in a relevant configuration for 
MYRRHA. 
4.2 Preliminary pre-test analysis by SIMMER-III code 
The SIMMER-III code [6]-[9] was employed to simulate the pressurization transients in 
S100, following the SGTR events, in a preliminary simplified configuration. The main 
goals of the simulations are constituted by the evaluation of a) the presence of hazardous 
pressure peaks, with higher probability at the water injection start instant; b) the grace 
period available to intervene before reaching the CIRCE design pressure; and c) the 
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extended grace period obtained due to the implementation of rupture disks, having 
different sizes. 
The tests are foreseen to be carried out performing the water injection (16 bar, 200°C) into 
LBE pool (no significant cover gas pressurization, 350°C) in three different positions of 
the PHX: bottom, middle and top ruptures. It is essential to take into account that the 
CIRCE vessel is 15 mm thick and its design pressure is equal to the pressure of the injected 
water (16 bar). 
The whole and actual geometry of the CIRCE S100 vessel and an approximated PHX by 
simplifying assumptions were modelled. The developed numerical domain is shown in 
Figure 4.2. SIMMER-III code is a two-dimensional (R-Z) axisymmetric code. The 
geometrical domain is composed by 31 radial and 67 axial cells. The LBE is depicted in 
red, the water in blue, the argon (cover gas) in white, the tubes in black, the non-
calculation regions (structural and void parts) in light green and the yellow arrows 
highlight the LBE flow paths. The radial and axial dimensions of the model have different 
scales, indeed the radial dimensions is widened to better depict the geometry of the model, 
the dimension of the cells and the phenomena occurring during the simulated transients. 
The model assumes, thus, a widened shape, in which it is possible to appreciate an 
enlarged water tube that would not be possible to distinguish by an in scale model 
representation. The magnitude of the out of scale of Figure 4.2 could be clearly understood 
considering that the CIRCE S100 vessel is ~9000 mm high and has an inner radius of 
585 mm. Instead, Figure 4.2 depicts a radius higher than the height. 
The geometrical two-dimensional model is a half vertical section of the volumetric model. 
The axis of symmetry is the black dot-dashed line located on the left side of the figure and 
by rotating the section along the axis the whole axisymmetric volumetric model is 
obtained, in which every cell is a toroidal volume with rectangular section. 
The CIRCE model is constituted by a LBE pool and argon cover gas, which is connected 
to a vent tube by removable SIMMER-III virtual walls, carrying out the task of rupture 
disks. 
The MYRRHA PHX is modelled by a central water tube, 6 surrounding tubes, upper and 
lower plates and outer shell (see Figure 4.2). A pump is implemented to supply the LBE 
flow rate in agreement to PHX design data. Since the boundary conditions could be 
imposed on the peripheral cells, the water tube, the active length of which is only the part 
included between the upper and lower PHX plates, is extended to the whole height of the 
model. Continuous flow and specific pressure difference are imposed at the bottom and top 
of the water tube. 
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Figure 4.2: SIMMER-III geometrical model 
In Figure 4.3 the three rupture positions are highlighted by dashed yellow circles and, 
between brackets, the letter “j” followed by a number indicates the position of the axial 
cell where the rupture is located. It is also possible to identify the pipe thickness and the 
neighbouring tubes with more detail. The black tube appears narrower than the half water 
injection pipe on the left, because SIMMER-III output depicts the surrounding tubes 
attributing them the cell surface fraction (black region) equal to the volume fraction of the 
six tubes in comparison to the toroidal cell volume, in which they are located. This 
graphical aspect does not affect the calculation geometrical domain, since the tubes have a 
defined 16 mm diameter. 
The model of the PHX is performed maintaining the design values of the LBE volume, 
LBE inlet (above) and outlet (below) flow area (yellow arrows in Figure 4.2), LBE and 
water mass flow rates and the distance between the upper and lower tube plates. Such 
modelling assumptions only take into account the presence of 7 tubes, because at the time 
of the numerical simulation execution the number of the tubes to be implemented in the TS 
was not defined yet. The developed geometrical model is able in any case to provide 
precious information that was taken into account during the TS design, as shown in the 
following. 
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Figure 4.3: Zoom of the water injector region 
In the performed simulations water was injected into the LBE region of PHX after 40 s 
from the calculation start, see Figure 4.4. This time interval constitutes the transient period 
to reach PHX operative stationary conditions, in terms of LBE velocity in the PHX shell 
side and water velocity in the PHX water tube. The quality at the water tube exit is also 
comparable to the foreseen design value. The period of pressure increase in CIRCE vessel, 
red line in the same figure, lasts up to the rupture disks activation. This lapse of time is 
equal to about 4 s for all the three calculations. The time interval during which the rupture 
disk is opened is shown by a green line in the same figure. 
 
Figure 4.4: Transient time history of SIMMER-III simulation 
4.2.1 Transient period to reach PHX stationary conditions 
The first phase (40 s) of the calculation period aims to reach MYRRHA PHX operative 
stationary conditions. So that the three investigated simulations (top, middle and bottom 
scenarios) could be performed on the basis of initial conditions as close as possible to the 
design ones. The achievement of the PHX operating parameters requires the conservation 
of LBE velocity into the PHX and water velocity and exiting quality into the water tube. 
Figure 4.5 shows LBE velocity computed in the central region of the PHX. The exact cells 
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in which the velocity is numerically determined are highlighted by yellow rectangles in 
Figure 4.6. 
 
Figure 4.5: LBE velocity in the central region of the PHX 
 
Figure 4.6: LBE velocity in the central region of the PHX 
For the sake of clarity, the cell identified by the code (19,26) is the 19th horizontal and 
26th vertical cell. The velocity time trends depicted in Figure 4.5 show initial velocity 
equal to zero and the acceleration of the LBE moved by the pump (yellow rectangle in 
Figure 4.6). The negative values on the ordinate axis illustrate that the LBE flows 
downwards as shown by the LBE velocity vectors depicted in Figure 4.6. 
Nearly 5 s after the calculation start, the LBE velocity reaches an almost stationary value 
that is about 0.6 m/s, which is in good agreement with the design data (0.652 m/s). 
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Water velocity and quality at the exit of the water tube, as a consequence of the occurring 
two-phase flow, match quite well with reference data (water 3 m/s and steam 20 m/s). The 
obtained results highlight a stable upwards two-phase flow, the liquid (blue) - vapour 
(white) volume fraction is qualitatively shown in Figure 4.7, where also the active length, 
outer radius and thickness of the water tube are recalled, aiming to clearly explain the 
entity of the out of scale figure. Also the three ruptures in the tube wall, closed by 
SIMMER-III virtual walls during this phase, are highlighted by yellow circles at the 
bottom, middle and top position. The height of such ruptures is fixed to be 5 mm. 
 
Figure 4.7: Liquid (blue) and vapour (white) volume fractions in the water tube 
The liquid water velocity computed in the lower and upper parts of the active length of 
water tube are shown in Figures 4.8 and 4.9, respectively. 
 
Figure 4.8: Liquid water velocity in the lower part of the water tube 
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Figure 4.9: Liquid water velocity at the exit of the water tube active length 
The numerical results show liquid single phase velocity (Figure 4.8) fluctuating between 
the values of 1 and 2 m/s, which is almost in agreement with the water average velocity 
entering one PHX water tube of MYRRHA design. In Figure 4.9 the blue trend is 
computed in the inner cell (1,40) and the violet one is numerically determined in the outer 
cell (4,40). It is possible to note that the velocity time trends increase moving toward outer 
positions, where the vapour drag is higher. 
4.2.2 Water injection phase 
After numerically reaching, as far as possible, the stationary operating conditions of 
MYRRHA PHX design, three separate accidental scenarios were simulated. Each one was 
performed restarting the transient described in the previous sections from its final instant 
(40 s), removing the virtual wall that isolated the water tube from the flowing LBE inside 
the PHX, originating the occurrence of the SGTR event. The position of the three virtual 
walls is marked in Figures 4.3 and 4.7 by dashed yellow circles. They are located at the 
axial position identified by the axial cell coordinates j = 18, j = 28 and j = 39, respectively. 
Figure 4.10 shows the regions in which pressure time trends depicted in Figures 4.11, 4.12, 
4.13 and 4.14 are calculated. Four regions are taken into account: 
 at the bottom of CIRCE vessel, cells (5-23,1), composed by a horizontal row of 
cells (5≤ i ≤23) at the lower vessel position (j = 1); 
 the lower row of cells in the PHX (j = 18), that is the axial position of the bottom 
rupture; 
 the upper position into the PHX (j = 39); and 
 the upper position into CIRCE vessel (j = 55), which is in the cover gas region. 
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Figure 4.10: Computational cells for pressurization analysis 
The Figures 4.11, 4.12, 4.13 and 4.14 show the pressure time trends computed in the four 
different levels mentioned, regarding the three rupture scenarios analysed. Each figure 
shows a green, blue and red line representing pressurization behaviour related to the top, 
middle and bottom rupture, respectively. 
In particular, Figure 4.11 shows that the ruptures occurring at three different heights 
provide almost the same pressurization behaviour at the bottom of CIRCE vessel. Pressure 
peaks are clearly depicted following the water injection instant (40 - 40.5 s). However, 
they do not reach the vessel design pressure value of 16 bar, remaining well below 14 bar. 
The transient was simulated without the rupture disk intervention and in such a 
configuration the SIMMER-III code predicted a pressure increase well above the vessel 
design limit of 16 bar. The depicted pressure trends contain a significant contribution 
provided by the LBE head, almost equal to 7500 mm. 
It is important to highlight that pressurization equalizes the design pressure of the CIRCE 
vessel almost 4 s after the water injection start. This time interval appeared long enough to 
activate the safety systems to mitigate the pressure increase. 
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Figure 4.11: Pressure time trends at CIRCE lower position,  
for top, middle and bottom rupture scenarios 
The pressure time trends, related to the investigated top, middle and bottom ruptures, 
calculated in the higher position of the CIRCE cover gas are shown in Figure 4.12. As it is 
predictable, the pressure peaks shown in Figure 4.11 are damped down in the cover gas 
and disappear in Figure 4.12. Also at the vessel top, the predicted pressure values of the 
top rupture scenario (green line) are almost 1 bar higher than the other two trends. It could 
be explained by the faster vapour dynamics, as a consequence of the PHX geometry and 
the lower vapour path needed to reach the LBE free level. 
 
Figure 4.12: Pressure time trends at CIRCE upper position,  
for top, middle and bottom rupture scenarios 
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The pressure time trends computed in the lower and upper position of the PHX model are 
shown in Figures 4.13 and 4.14, respectively. The trends depicted in these two figures 
differ by almost 1 bar, which is the pressure head due to the different level into the LBE 
pool at which the pressures are calculated. Because the ruptures occur on the water tube in 
the PHX, at a short distance from the regions in which the pressure is computed and due to 
the proximity of the upper and lower plates and shell of the PHX, the analysis of the 
pressure peaks occurrence needs to be carefully accomplished. Therefore, the calculation 
time step was set to evaluate precisely the pressure evolution. It is possible to observe 
(Figures 4.13 and 4.14) that the pressure peaks reach values that do not exceed 8 bar. It is 
possible to note also that the higher pressure peak calculated at the PHX lower position 
(Figure 4.13) is caused by the bottom rupture scenario (red line), which is the nearest point 
of water injection. The calculated peak approaches almost 7.5 bar. 
 
Figure 4.13: Pressure time trends at the PHX lower position,  
for top, middle and bottom rupture scenarios 
Analogously, the higher pressure peak, almost equal to 7 bar, calculated at the PHX top 
position (Figure 4.14) is due to the top rupture scenario (green line), the middle rupture 
event entails a lower peak (blue line) and the bottom rupture (red line) almost do not 
provide pressure peaks. 
The time trend of the water mass flow rate injected into the LBE pool is reported in Figure 
4.15 for the three analysed rupture scenarios. The calculated trends show decreasing initial 
peaks for lower rupture positions. Indeed, their values are: 3 kg/s for the top rupture event, 
2.7 kg/s for the middle rupture and 1.7 kg/s during the bottom event. After the occurrence 
of the initial peaks, the three rupture scenarios inject almost the same water mass flow rate, 
which decreased until the injection ends due to the pressure equalization across the water 
pipe. 
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Figure 4.14: Pressure time trends at the PHX upper position,  
for top, middle and bottom rupture scenarios 
 
Figure 4.15: Water mass flow rate injected, for top, middle and bottom rupture scenarios 
4.2.3 Rupture disk opening phase 
The SGTR transients simulated by the SIMMER-III code, shown in the previous Figure 
4.11, provided pressurization data at the CIRCE vessel bottom that overcome the CIRCE 
tank pressure design limit. 
Aiming to define a facility working in safe conditions, the definition of the rupture disk 
dimension and pressure activation, limiting the higher pressure value reachable into 
CIRCE vessel (lower position, j = 1) below the tank design limit of 16 bar, becomes the 
main goal to be pursued. Therefore, the pressurization transients previously calculated for 
the bottom rupture was restarted opening the connection between the cover gas and the 
vent tube, at the instant in which the pressure in the cover gas reached the chosen 
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activation value (explained in the following) of the rupture disk. Analogous calculations 
were performed for middle and top scenarios. They are not reported because they provided 
analogous results to the bottom rupture event. 
In Figure 4.16  a zoom of the pressure time trends calculated at the bottom, cells (5-23,1), 
and top, cells (5-23,55), position of CIRCE vessel (illustrated in Figures 4.11 and 4.12) are 
depicted in blue and red, respectively. The blue trend reached the vessel design pressure at 
almost 44.2 s, which is 4.2 s after the water injection start. At this instant the pressure 
calculated in the upper part of the cover gas is about 8.5 bar, as it is highlighted in Figure 
4.16 by dashed red lines. Aiming to maintain a conspicuous safety margin, the pressure 
activation of the rupture disk is chosen to be set 2 bar below the 8.5 bar, occurred in the 
cover gas when in the bottom of the tank the design pressure is reached. Therefore, having 
chosen the cover gas pressure value at which the rupture disk is set to be opened (6.5 bar), 
it is necessary to verify the opening size to maintain the pressure in the CIRCE vessel far 
from the design limit value. 
 
Figure 4.16: Comparison of the pressure time trends  
at the top and bottom position of CIRCE vessel 
Figure 4.17 shows the unprotected (rupture disk closed) transient in blue and the 
pressurization behaviour calculated implementing 2 and 6” rupture disks, depicted by red 
and green trends respectively. These pressure time trends were calculated in the same cells 
(5-23,1) of the blue trend. 
It is important to underline that the red and green pressure trends are obtained by a 
continuous water injection through the bottom rupture, simultaneously to the 
depressurization effect due to the open rupture disk. Without any system employed to 
reduce the water mass flow rate supplied. 
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The instant at which SIMMER-III virtual walls are removed, connecting the CIRCE dome 
to the vent tube, is set 3.2 s after the water injection start (CIRCE dome at ~6.5 bar). 
Both the rupture disk sizes provide a CIRCE pressurization lower than the design limit. 
Therefore, starting the water injection at 40 s, the implementation of the rupture disk (2” as 
well as 6”) assured the pressure at the tank bottom was kept almost below 16 bar for at 
least 10 s. Such a lapse of time is sufficient to physically intervene stopping the water 
supply. 
 
Figure 4.17: Pressurization behaviour with and without the rupture disks activation 
The analysed transient required high computer calculation time. Indeed, the scenario faced 
by the SIMMER-III code, in which water is injected into LBE pool, evaporates, reaches 
the pressurised cover gas and flows outside through the vent tube, constitutes a challenging 
code application. Therefore, it is considered that the planned objectives are achieved by the 
performed simulations though the calculation is stopped at almost 10 s after the water 
injection start. Because the main goal of the preliminary numerical analysis is to 
demonstrate the availability of enough time to stop the water supply. 
The TS was designed taking into account the performed numerical analysis. 
4.3 Test section design and implemented instrumentation 
The MYRRHA PHX characteristics were conserved where possible and scaled down 
taking into account the volume available in CIRCE S100 vessel to host the test section. 
The TS is oriented to simulate a portion of full scale SG tube bundle of MYRRHA reactor, 
scaling down the primary and secondary circuit of the reactor. The LBE mass flow rate 
was reduced proportionally to the partial PHX tube bundle simulated and the water side is 
constituted by only one water tube. 
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The test section is rigidly fastened to the dedicated cover vessel by bolted joints. Such a 
coupled structure could be removed only after draining all the LBE from the S100 tank. 
This operation and the consequent refilling need several weeks to be completely carried 
out. Therefore, in reason of such a consideration, the possibility of performing one SGTR 
test, extract subsequently the test section to substitute the broken injection line (by the 
SGTR occurrence) and the test section re-setting inside S100 so as to carry out other 
experimental tests was not considered feasible. Therefore, the test section was designed to 
make the execution of the higher number (four) of tests possible without removing the 
cover vessel and connected experimental devices. 
A 3D view of the TS is shown in Figure 4.18 and one 2D vertical and horizontal sections 
are depicted in Figure 4.19 (it is out of scale because it is enlarged five times to make a 
more detailed description of the TS possible) and Figure 4.20, respectively. 
 
Figure 4.18: MAXSIMA test section, 3D bottom view 
In these figures the centrifugal pump is highlighted by the letter “A”. This component is 
able to provide a mass flow rate of ~50 kg/s at a LBE pressure head of ~4 m. The pump 
discharge “A1” is connected by a flexible tube (not depicted in the figures), aiming to 
solve geometric inconsistencies, with “B1” tube that supply LBE driving fluid to the jet 
pump “C”, composed by the convergent “C1”, mixing “C2” and divergent “C3” regions 
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(Figure 4.19). The cylindrical component “B” constitutes the suction chamber into which 
the LBE enters from the CIRCE lower plenum through the bottom opening “B2”. 
 
Figure 4.19: CIRCE vessel and TS, 2D vertical section (out of  
scale: height conserved, width enlarged 5 times) 
The LBE flows upwards through the jet pump to provide the needed higher mass flow rate 
(about 80 kg/s). At the jet pump exit (upper position) a Venturi flow meter “D” is placed. It 
has the task to provide mass flow rate feedback, allowing the centrifugal pump velocity 
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regulation in order to reach the desired LBE flow rate. Downstream, a filtering section “E” 
is set and the total LBE mass flow rate passes through it. This component aims to quantify 
the pollution produced by the SGTR event. The reduction of pressure drops along the 
component “E” led to choose a filtering section composed by filtering planes that do not 
close the whole horizontal section (Figure 4.19). Above, a perforated tube “F” having the 
same inner and outer diameter of the filter “E” is welded. The “F” component 
accomplishes the task of horizontally distributing the injected LBE, as it is carried out by 
the barrel component of MYRRHA design. The LBE reaches the separator component 
“G”, composed by a cylindrical shell closed at the bottom by a round plate. 
 
Figure 4.20: CIRCE vessel and TS horizontal section A-A and B-B 
The separator defines a separate pool from the main CIRCE LBE melt. The component 
“G” performs the task of the MYRRHA diaphragm, in which the main coolant enters 
flowing upwards through the core and barrel openings, isolating the upper hot plenum 
from the lower cold plenum. Analogous behaviour is carried out by the separator. 
However, a crucial difference that needs to be remarked consists in the thermal equilibrium 
of the LBE melt in any position inside the CIRCE vessel. Indeed, the melt temperature is 
set equal to the LBE inlet temperature in the PHX (350°C). Such a decision aims to 
execute SGTR tests in the most severe conditions, which would cause, thus, higher and 
faster water vaporization. 
The separator component hosts four SGTR-TSs “H”. Each one of which is composed by an 
external 6 inch tube ~5 m long hosting a tube bundle of 31 tubes. Water flows upwards 
into the central tube and the surrounding ones are dummy tubes. The SGTR-TS aims to 
simulate a portion of the PHX of MYRRHA system. The water and LBE flow paths are 
highlighted by blue and red arrows respectively (dotted arrows indicate flows hidden 
behind a structural component) in Figure 4.19. Four separate feed water lines “I” pass the 
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cover vessel through one nozzle and bring the water to the bottom of the lower tube plates 
“L1”, from which the water flows upwards. The descending tube “I” is thermally isolated 
from the LBE melt, aiming to avoid water boiling before reaching the heat exchange active 
length of the SGTR-TS, which starts above the lower plate “L1”. Thermal isolation is 
obtained by a double tube, the gap of which is filled by argon. 
The SGTR-TS connects the LBE contained into the separator to the melt into the CIRCE 
pool, analogously to the MYRRHA PHX connecting the hot and cold plenum. The 
outgoing LBE from the SGTR-TSs is available to be sucked by the centrifugal pump and 
jet pump suction chamber “B2”, so that the system works continuously. 
The LBE flows from the separator into the SGTR-TS passing through vertical openings 
“H1”, simulating the LBE inlet windows of the PHX. The LBE flows downwards into 6 
inch tubes “H”, shell side of the tube bundle, and goes out from a free radial opening 
“H3”(see Figure 4.21). The overall LBE mass flow rate, outgoing from the perforated tube, 
has to feed one SGTR-TS at a time, that one where the test is ongoing. Therefore, a closure 
system constituted by sliding valves “J” is adopted to allow to the whole LBE stream to 
flow through only one of the four SGTR-TSs. 
 
Figure 4.21: Views of the test section partially assembled 
The rupture of the four water tubes “H5”, one for each SGTR-TS, is caused by a hydraulic 
device that catch and pull up “K” the tubes, from the outside of the cover vessel. The 
positions in which the ruptures occur are precisely defined by the reduced tube thickness 
obtained by a circumferential notch performed by machine tools. 
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Figure 4.20 shows the horizontal sections A-A and B-B defined in Figure 4.19. In the 
section on the left, the upper part of the facility is viewed from the bottom, in which the 
four SGTR-TSs “H”, top plate “N” with six bolts and the centrifugal pump “A” are shown. 
The section B-B depicts the four SGTR-TSs “H” and respective spacer grids, the filtering 
section “E”, the separator “G” and the centrifugal pump “A”. 
In Figure 4.19 two red lightings mark the position where the ruptures are scheduled to be 
performed. In spite of their positioning on the same water tube “H5”, which is done for 
simplicity, only one rupture occurs on each tube. 
Therefore, the two depicted ruptures at low and middle position affect different SGTR-
TSs. The lower rupture is located just above the lower plate “L1”, since this position has a 
high criticality from the point of view of stress corrosion cracking (performed in the two 
SGTR-TSs nearest to the centrifugal pump). The middle notch is set in the average 
position between two spacer grids, where the maximum tube deflection could occur 
(performed in the two outer SGTR-TS, nearest to the CIRCE vessel). In this way the 
experimental campaign is also able to provide experimental data about the repeatability of 
the tests. 
The vapour produced by SGTR events flows outwards from the SGTR-TS by the upper 
windows “H4”, reaching the CIRCE cover gas. The released vapour could act on the tube 
bundle and structural components modifying the test section geometry and structural 
integrity. 
The geometric stability of the test section needs to be maintained during the phase in which 
the water tube is pulled upwards. Therefore, sufficient SGTR-TS stiffness needs to be 
achieved. This goal is pursued by welded connections between the tube bundle and the 
lower “L1” and upper “L2” tube plates (see Figure 4.22). The SGTR-TSs are welded to the 
separator basis and plate “N” (Figure 4.18), that is in turn bolted to the upper structure “O” 
welded to the CIRCE cover. 
 
Figure 4.22: View of the lower (left) and upper (right) SGTR-TS tube plates 
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The water tubes are fastened by welding to the lower plate “L1” and are able to slide 
through the spacer grids, upper plate and cover vessel. In such a way they can be elongated 
by the hydraulic system to cause their rupture. 
The ratio between the cover gas and LBE volume of MAXSIMA-TS implemented into 
CIRCE vessel is set coherently to the value of the same design parameter of MYRRHA 
reactor, which is roughly estimated by the author to be almost equal to 0.3. 
The instrumentation foreseen to be implemented in the MAXSIMA test section is mainly 
composed by low time constant thermocouples, fast pressure transducers, strain gages, 
bubble tubes, Venturi flow meters and monitoring filling gas inserted into the second rank 
of tubes of the bundles. 
The overall number of thermocouples foreseen to be set on the TS is about 210. The most 
part of which is planned to be set, equally distributed, on the four SGTR-TSs. The adopted 
methodology foresees to install TCs on the tubes, setting 6 TCs on the same level in the 
tube bundle, on 7 different levels, for a total of 42 TCs in each bundle. One TC level is set 
at the same height of the rupture, two TC levels are located below the rupture position 
(only middle rupture events) and the remaining available TC levels are distributed above 
the rupture plane. The vertical distance between the TC levels is set approximately equal to 
~300 mm. It aims to acquire data about the path of the vapour released by the rupture. 
Thermocouples are also installed in the test section to check the coherence of the measured 
parameter with the initial and boundary conditions defined by design. 
The pressure measurement during the experimental campaign execution is performed by 
fast pressure transducers (PTs) and bubble tubes (BTs), they are shown in Figure 4.23 by 
red and blue points, respectively. 
The PTs are connected by a tube to the CIRCE cover. 
Twelve bubble tubes [10] are also planned to be implemented. This kind of pressure gage 
is able to perform measurements at low frequency useful to acquire data in stationary 
conditions. They are placed in the CIRCE pool as listed below: 
 one BT is set at the CIRCE bottom to measure the level of the LBE pool; 
 two BTs are located in the separator to acquire the separate pool level; 
 two BTs are positioned upstream and downstream the core simulator (opening at 
the jet pump suction chamber bottom) to measure the pressure losses through such 
an orifice; 
 two BTs are set to measure the pressure in the initial and throat section of the 
Venturi flow meter, used to calculate the LBE mass flow rate; 
 two BTs are connected to the entering and exit section of the filtering device, to 
evaluate the pressure losses; 
 two BTs are connected to a Venturi flow meter positioned downstream the 
centrifugal pump, having the goal of measuring the LBE mass flow rate exiting 
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from the centrifugal pump; and a third BT measures the pressure at the Venturi 
exit section. 
 
Figure 4.23: Bubble Tubes and Fast Pressure Transducers arrangement 
The measurement of the SGTR effects in terms of structural loads on tube bundles covers a 
challenging and valuable research field. An overall quantity of 30 strain gages (SGs) are 
planned to be set on the overall TS. The SGTR-TSs in which the middle and bottom 
rupture scenario are foreseen to be performed, hold 8 and 7 SGs respectively. They are 
positioned at different height and radial positions of the bundle, aiming to acquire the 
strain evolution in both axial and radial directions. 
Two Venturi flow meters are implemented in the TS to measure the LBE mass flow rate 
exiting from the centrifugal pump and jet pump, respectively. The Venturi tubes are 
calibrated to operate and provide reliable measurements at the LBE mass flow rate values 
defined by design. The Venturi tube set at the jet pump exit is shown sectioned in Figure 
4.19, instead that one positioned at the centrifugal pump exit is not depicted. 
The possible rupture of the tubes surrounding the water injection line is monitored by 
filling the second tube rank (six tubes) with argon at 16 bar. They are connected to a 
manifold set in the CIRCE dome, from which they are linked by a small tube to a pressure 
gauge located externally the CIRCE vessel. Such a pressure monitoring system is 
implemented on each SGTR-TS. 
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4.4 Detailed pre-test analysis by SIMMER-IV code 
On the base of the TS design, a detailed 3D Cartesian model was developed by SIMMER-
IV code for performing pre-test analysis. It aimed to simulate both bottom and middle 
rupture scenario as planned in the CIRCE pool type facility. The presence of high pressure 
peak at the injection start instant and timing of cover gas pressurization of S100 vessel 
constituted the chief concerns to which the numerical analysis provided answer. 
Figure 4.24 shows two sections (A-A and B-B, top-right) of the SIMMER-IV calculation 
domain, in which the tube bundle simulating the SGTR is modelled in detail (bottom-
right). It is possible to note the descending water surge line (blue arrow), the horizontal 
segment, and the ascendant tube (red arrow). As in the actual test section (see Figure 4.19), 
the water line exchange heat with the LBE only along its upwards path, where it 
evaporates as in the tube of the MYRRRHA PHX. 
 
Figure 4.24: SIMMER-IV model of the SGTR test section 
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The steel walls are modelled by virtual wall, so called in the SIMMER code. They are not 
depicted in the 3D code output, but they are represented in the 2D sections as shown in 
Figure 4.25. 
 
Figure 4.25: Horizontal sections of SIMMER-IV models and rupture detail 
Since the SIMMER-IV code requires high calculation time, only the tube bundle (31 tubes) 
in which the rupture is performed was modelled in detail. Therefore two SIMMER-IV 
models were developed for middle and rupture event, respectively. Figure 4.25 shows the 
horizontal sections of these two models, in which the SGTR-TS hosting the tube bundle, 
the three SGTR-TSs where rupture is not performed and the tube modelling the vertical 
assembly of jet pump-Venturi-filtering section are visible. The model of middle rupture 
shows, highlighted in black, the positions of three rupture disks (RDs) connected to three 
independent discharge lines (DL in Figure 4.24) as available on the CIRCE facility. 
Figure 4.24 shows a zoom of the tube bundle (bottom left) that is composed by 30 tubes 
made by non-calculation regions. This choice aimed at reducing the calculation time. From 
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the zooms in the bottom right it is possible to observe the descendent line completely filled 
by water and the ascendant one with two-phase flow (steam in white). The detail in the 
top-right of the same figure shows the region of the rupture in the middle rupture model 
(before the injection), having an opening of 33 mm height. 
The sections A-A and C-C defined in Figure 4.25 (top-left) are depicted in Figure 4.26. 
They show the vertical setting of the separator, SGTR-TS with and without tube bundle 
(A-A) and LBE injection region into the separator (C-C). It is possible to note that the LBE 
has a higher level in the separator than in the outer pool, as by design. 
 
Figure 4.26: Vertical sections of SIMMER-IV middle rupture model 
The water injection started after reaching the stationary conditions of water (~70 g/s) and 
LBE (~80 kg/s) mass flow rate in the tube and shell side of the bundle, respectively, as 
shown in Figure 4.27. In which the water two-phase flow inside the ascendant part of tube 
is shown, besides the vectors of LBE (top-left) and water (bottom-left) velocity. 
The fluid parameters were set coherently to the design values, water was set at 16 bar and 
200°C (in blue), LBE at 350°C (in red) and cover gas at 1.05 bar. 
Once flow rate initial conditions were reached the virtual wall closing the opening in the 
water tube was removed and the injection started. 
The injection in the middle rupture scenario was performed at 39.798 s, as shown in Figure 
4.28. The pressure time trend increased with a slope of about 0.7 bar/s and reached the 
rupture disk opening pressure (6 bar) about 7.5 s after the injection start. The mixture of 
vapour and argon were discharge and the pressure decreased slowly up to the closure of 
water supply line (~55 s). This lapse of time (~15 s) was considered more than enough to 
notice the SGTR occurrence and close the feed-water. The pressure decreased (~0.23 bar/s) 
section A-A section C-C
Middle ruptureMiddle rupture
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and the calculation was arrested at a cover gas pressure of 1.5 bar, about 30 s from the 
injection start. 
 
Figure 4.27: Initial conditions of the SIMMER-IV calculations 
 
Figure 4.28: Pressure time trend in CIRCE cover gas, middle rupture scenario 
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Figure 4.29: Pressure time trend at CIRCE bottom, middle rupture scenario 
Figure 4.29 shows the pressurization in the lower cell (j=1) of the model. The initial value 
is due to the cover gas pressure and LBE head (~6.5 m). Thee profile is coherent to that 
computed in the cover gas, despite a peak occurring at bout t = 42 s, due to the outflow of 
LBE from the separator that impinging on the LBE free level of the pool caused such a 
pressure increase. The separator height was increased, but this numerical results was 
affected by the code overestimation of the vapour-LBE drag as mentioned in the previous 
chapter. 
The bottom rupture scenario was numerically analysed by a dedicated model, the water 
injection and pressurization of the cover gas and CIRCE bottom are shown in Figures 4.30 
and 4.31, respectively. The injection started at 37.25 s, after reaching the stationary 
conditions. The pressure in the cover gas increased with a slope of about 1.2 bar/s, it was 
higher than in the middle rupture run, due to the injection in the open pool. The pressure 
calculated at the bottom of the vessel shows an initial peak, due to the pressure wave 
propagation in the pool at the injection start instant. 
The pressure time trend in Figure 4.31 shows an oscillating trend, due to the sloshing 
phenomenon consequence of the vapour released at about 3 m of depth. The rupture disk 
was opened at about 42 s (6 bar) and after a plateau increased of about 0.5 bar reaching a 
stable condition (~2 s). The calculation was interrupted due to the too low time step, 
considering the about 9 s calculated enough time to guarantee the safe execution of the 
test. 
Both the performed runs did not show pressure increase approaching the limit value of 
16 bar in the lower part of the vessel. Moreover the activation of the rupture disk (6 bar) 
allows the execution of water injection for about 4.5 and 7.5 s in the bottom and middle 
rupture scenario, respectively. 
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Figure 4.30: Pressure time trend in CIRCE cover gas, bottom rupture scenario 
 
Figure 4.31: Pressure time trend at CIRCE bottom, middle rupture scenario 
4.5 Main outcomes and outlooks 
The test section scheduled to be implemented in the large pool CIRCE facility, for the 
experimental investigation of the postulated SGTR event in a full scale portion of the PHX 
of MYRRHA reactor, was designed and almost assembled. The TS design was supported 
by SIMMER-III preliminary pre-tests, providing pressurization time trends and number, 
sizing and pressure activation of the necessary rupture disks set to limit the vessel 
pressurization and carry out the tests in safe conditions for the operators and facility 
components. The TS is composed by four tube bundles of 31 tubes, in the central one of 
which water two-phase flow will flow upwards in MYRRHA conditions. These four tubes 
will be broken, one at a time, by a hydraulic system, realizing the four analysed SGTR 
events. The four tube bundles conserve the axial dimensions of the MYRRHA PHX and 
the ruptures will be performed after reaching the water and LBE mass flow rates (tube and 
shell side respectively). Two rupture positions will be investigated at middle and bottom 
position in the tube bundle, respectively. The TS allows, thus, the execution of 4 SGTR 
Bottom rupture
t = 37.5 s
2'' rupture disk opening
@ 41.75 s
water injection start
Injection start @ 37.25 s
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tests as they could occur in the actual PHX of MYRRHA system. The pre-test analysis was 
carried out by SIMMER-IV code on the basis of the actual TS configuration. It confirmed 
the possibility to inject water for more than 10 s without stop the water supply, thanks to a 
single rupture disk of 2” having a pressure activation of 6 bar. An additional rupture disk 
of 2” activated at 8 bar was added to avoid reaching the main vessel design pressure value. 
The pressurization of the reaction vessel, the evolution of the vapour flow path in the tube 
bundle, the strain of the tubes and shell surrounding the broken tube, the water and LBE 
mass flow rate before and after the rupture occurrence, the LBE levels and pressure 
difference across main components were measured to completely characterize the 
investigated SGTR scenarios providing detailed and reliable experimental data. 
The experimental campaign will be performed to improve the knowledge of the SGTR 
event in such a specific configuration, to provide direct feedback to the MYRRHA PHX 
designers and also to enlarge database with high quality data obtained with well-defined 
initial and boundary conditions for codes/models development and validation. 
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5 Conclusions 
The performed research activity was oriented to provide an original contribution to the 
experimental investigation and numerical simulation of postulated SGTR phenomenon in 
relevant configurations for HLMFRs. 
The study was performed in the framework of the FP7 EC projects THINS, LEADER and 
MAXSIMA. These projects aimed at knowledge improvement and faced specific safety 
issues of HLMFRs and contributed to the research and development activities focused on 
safety of Gen. IV reactors employing as primary coolant HLMs. 
A specific safety issue of the HLMFRs is constituted by the SGTR event that could entail 
initial pressure shock on the adjacent tubes, sloshing of the free level, steam explosion and 
water/vapour dragged toward the core. 
A review of experimental investigations of the vapour explosion phenomenon was 
performed to characterize the safety aspects connected to the SGTR event in HLMFRs. 
The boundary conditions adopted in literature to define the thermal interaction zone 
between water and HLM did not match with the actual conditions in which SGTR event 
could occur in a GenIV HLMFRs. A very few investigation analysed the effect of the 
pressure system on the steam explosion occurrence and the result was a complete 
disappearance of the explosive interaction at pressure higher than 2 barA. 
In the framework of the EC founded THINS project, two series of tests were carried out in 
LIFUS5/Mod2 facility at ENEA C.R. Brasimone and the post-test analysis of the 
experimental campaign was performed by SIMMER-III code, aiming to identify the code 
capabilities and limitations. 
The reference test of the former series of investigations was characterized by injecting 
water at 40 bar and 240°C into a pool of LBE at 400°C. The other tests were performed 
injecting water at lower temperature, implementing higher cover gas volume and changing 
the injection lapse of time, respectively. The injection is carried out by valve V14, 
positioned upstream the Coriolis flowmeter. It implied the presence of an extended low 
pressure air volume in the injection line. 
The latter group of tests foresaw the execution of the reference test injecting water at 
16 bar and 200°C in LBE at 400°C. The same variables aforementioned were modified to 
perform three single variant tests. The water was injected through valve V4, reducing the 
low pressure region along the supply line. 
The tests showed low pressure peaks at the injection start instant and reaction tank 
pressurization that did not overcome the injection pressure value. A high number of 
thermocouples were implemented to acquire data about the vapour expansion. 
The modelling of the LIFUS5/Mod2 facility by SIMMER-III code was performed 
accepting geometrical simplifications. Each group of tests was analysed by two models, 
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with and without the implementation of the low pressure air region in the injection line. 
The model in which the supply line was completely filled by water provided higher 
pressurization time trends in the reaction tank as well as the lacking information of the 
pressurization in the injection line. 
The SIMMER-III model, taking into account the vacuum region in the injection line, 
showed the presence of two-phase flow condition along the conduct during the first phase 
of the injection. The prediction of the two-phase pressure drops became a key issue to 
correctly predict the pressurization time trends in the reaction tank and in the injection line. 
A simplified application of the Lockhar-Martinelli (L-M) multipliers provided 
pressurization results in agreement with the experimental data (Test T#4). In the test T#6, 
in which the injection was performed by valve V4 and the supplied water was in higher 
subcooled conditions, low water evaporation took place along the injection line and better 
agreement between calculated pressure values and experimental data were obtained 
without taking into account the L-M multipliers. 
The temperature time trends numerically simulated for each test showed a general cooling 
anticipation and overestimation on the axis of the reaction vessel S1. This was due to the 
impossibility to model by an axisymmetric code the four horizontal cruciform supports that 
constitute an obstacle against which the water jet impacted and fragmented. Moreover, the 
vapour evolution, expansion and buoyancy in the LBE pool were affected by the code 
capability to simulate a proper vapour-LBE drag coefficient. 
The injected mass flow rate was measured by Coriolis flowmeter and water level meter in 
S2. They measured delayed data in comparison to the injection start and also between 
them. 
In the framework of LEADER project, the aim of the experimental campaign carried out in 
LIFUS5/Mod2 facility was the study of the interaction between LBE and water following a 
postulated SGTR accident, having geometry and boundary conditions representative of 
spiral tube steam generator of ELFR. The experimental campaign was constituted of 7 
tests, injecting water at about 180 bar (through different orifice diameters) into the reaction 
tank partially filled by LBE at 400°C, connected to the dump tank of 2 m
3
. 
The first test B1.1 showed that the first pressure peak generated was lower than 30 bar; the 
pressure wave propagation was largely damped, as in all tests, by the “tubes tangle” 
present inside the test section and by perforated plate of the test section. This damping was 
also confirmed by the strain gauges’ measurements. Indeed, the strain trend on the tubes of 
the test section decreased from the centre of the test section in the radial direction. This 
experiment highlighted that no leakages were observed in the pressurized tubes of the test 
section. This implied a low probability of propagation of the tube rupture on surrounding 
tubes. 
The initial pressure peak was properly tracked by the improved acquisition frequency of 10 
kHz, allowing a better interpretation than in the THINS campaign. 
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A RELAP5 nodalization was developed to support the characterization of the water 
injection line, confirming the timing of opening and closure of the injection valve, the 
pressure drops in the valve V14, V4 and Coriolis, of THINS tests A1.2_1 and A1.2_2. It 
provided a more reliable quantification of the water injected, including considerations on 
the limits of the Coriolis flow meter. 
Test B1.1 (as the others) showed a delayed cap rupture in comparison to the injection valve 
opening instant and the injection in the reaction tank occurred (only for test B1.1) after the 
closure of the injection vale. It entails the water trapped in the closed injection line, in 
which the upper part in contact with LBE at 400°C caused a pressure increase above the 
full scale of the pressure transducer (~212 bar). It was simulated by RELAP5/MOD3.3 and 
the obtained water pressure and void fraction in the injection line, before the injection 
occurred, were set as initial conditions of the SIMMER-III simulations of test B1.1. 
SIMMER-III estimated the first pressure peak in agreement with the experimental data. 
The analysis of results demonstrated that the code was able to simulate the first pressure 
peak measured when the cap broke. The code predicted the maximum pressure value (30 
bar) and the timing of the phenomenon (1 ms). The second pressure peak due to the steam 
expansion in S1 was also correctly simulated by the code, even though overestimated (4 
bars higher). The deviation is probably correlated to a stopper that the LBE formed in the 
vertical section that connects S1 to S3 due to geometrical approximations of the model. 
The final experimental and simulated values of pressure in S1-S3 system were in 
agreement. This confirmed that the amount of water and steam injected in the simulation 
was consistent with the experimental one. The final quantity of LBE dragged in S3 was 
higher in the simulation, this is probably due to an overestimation in SIMMER-III of the 
drag coefficient between steam and LBE. Indeed, the code predicts comparable speeds of 
LBE and steam during the transient. In principle, higher speed of steam should be 
expected.  
The activity performed provided the availability of data of seven experiments. These tests 
provided valuable experimental data for code validation. Moreover the interpretation of 
strain data, for improving the knowledge of the energy propagation during the tube rupture 
on surrounded structures, could be used for future structural mechanics code assessment as 
well for fluid structure interaction analysis. 
In the frame of the FP7 of the EC, the MAXSIMA project aimed to contribute to the 
assessment of the MYRRHA reactor safety. In this framework the presented research 
activity addressed the execution of large scale experiments into CIRCE facility to 
characterize the SGTR event in a configuration relevant for MYRRHA reactor. The 
experimental campaign aimed to investigate pressure waves propagation, the dumping 
effect of the PHX-shell, tube rupture propagation to neighbouring tubes, the performance 
of safety devices and solid impurity formation after the SGTR occurrence. 
A preliminary pre-test was performed by the SIMMER III code to support the test section 
design. The numerical axisymmetric model was developed on the basis of the MYRRHA 
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PHX FASTEF configuration, characterized by the length of PHX tubes almost equal to 
1600 mm, available at the moment of pre-tests execution. Three SGTR scenarios were 
numerically investigated, considering that the water tube rupture occurs at bottom, middle 
and top. The performed calculations show that almost 4 s after the water injection start the 
CIRCE design pressure is reached at the vessel bottom. At the same instant the calculated 
pressure into the cover gas reduced by 2 bar defined the value of rupture disk activation, 
that was equal to 6 bar. 2” rupture disks was large enough to avoid any severe 
pressurization of the CIRCE main vessel. The performed numerical simulations, 
implementing the depressurization effect of the rupture disk, provide pressure time trends 
at the vessel bottom position that do not reach the pressure design limit of the tank. The 
consequent grace period was predicted to be at least equal to 10 s, which was considered 
enough to stop or reduce the water supply. The SIMMER results show also that the 
calculated pressure peaks, occurring at the initial phase of the water injection transient, do 
not reach alarming pressure values. 
The definitive design of the MAXSIMA test section was performed. The test section 
planned to be installed in the CIRCE S100 vessel was composed by a) a centrifugal and jet 
pump providing the needed LBE mass flow rate to feed the PHX simulator, in which the 
SGTR events are scheduled to be performed; b) a cylindrical shell closed at the bottom 
called separator, in which the LBE is injected by the pump system, with the task of 
defining a separate pool from which the LBE enters the PHX simulator; and c) four 
separated PHX simulator, called SGTR-TS, each one of which is composed by a 6” tube 
hosting 31 tubes 16x1 mm disposed in 4 ranks, of which the central one is the water tube 
that is planned to be broken by a mechanical system. The test section also hosts a filtering 
section and systems aiming to detect the presence of steam bubbles. The water is supplied 
at MYRRHA conditions (16 bar and 200°C), the LBE temperature is set for conservative 
reasons equal to 350°C, which is the maximum LBE temperature of MYRRHA, because 
the experimental campaign does not aims to characterize the heat exchanger performance. 
The SGTR-TS simulates the PHX of the MYRRHA reactor and is heavily instrumented. 
The implemented data acquisition system aims to acquire information about a) the steam 
evolution by almost 200 overall thermocouples; b) the mechanical load weighing on the 
first rank of the surrounding tubes, 6” tube and separator shell by 30 strain gages; c) the 
LBE mass flow rate at the centrifugal and jet pump exit by Venturi flow meters; d) the 
stationary pressure measurement in various LBE pool positions by 12 bubble tubes; e) the 
fast pressure evolution in the CIRCE and SGTR-TS dome by 5 fast pressure transducers; 
and f) the rupture of the first rank of tubes by their pressurization with gas monitored from 
outside CIRCE. 
On the base of the test section final design a detailed pre-test activity was performed by 
SIMMER-IV code. It was oriented to acquire evidence of the safe execution of the SGTR 
events in CIRCE facility. Two tube rupture positions were investigated (bottom and 
middle) with dedicated 3D models. They showed that the activation pressure of the rupture 
disk was reached at about 4 and 7 s after the injection start for bottom and middle rupture, 
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respectively. In both cases a 2” rupture disk was sufficient to maintain the cover gas 
pressure in safe conditions for the vessel integrity. A pressure peak was computed only for 
the bottom rupture scenario, it reached the value of 13 bar. The pressure in the lower part 
of the vessel remained well below the design limit for a sufficient time to perform the tests 
and stop the water supply. 
The overall research activity carried out faced cutting edge issues of the HLMFRs from the 
experimental and numerical point of views. The experimental campaigns performed in 
LIFUS5/Mod2 facility are unique and innovative, as well as the tests that will be 
performed in the CIRCE facility. The numerical simulation of water/HLM interaction 
needs to be improved regarding slip ration and vapour entrapped in liquid metal mass. 
However the simulation performed provided pressurization trends and injected water mass 
flow rates in agreement with the experimental data. 
The measured data in the two presented experimental campaign constitute a huge amount 
of reference data that will be analysed and adopted for structural code validation and fluid-
structure interaction study. 
The experimental campaign that will be conducted in CIRCE facility and constitutes the 
natural continuation of this research activity appear unique and will provide useful data for 
MYRRHA reactor design and for the licensing of HLMFRs. 
